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FOREWORD 

A state in power transmission has .. reached, in India 
when the .presently planned and installed 400 kV system will • 
be inadequate to handle the needs ‘"after 1990. Powers ran- ' 
ging from 3000 MW to 20,000 MW must be transmitted from giant 
power pools (both hydro and thermal) to load centres 500 to 
1 $00 Em away. The future needs in choice of extra high 
voltage ( ac and dr) .is the most difficult decision for Indian 
power, engineers. Thus, the profession of power transmission 
is going through a very exciting period. With this in view, 
the BlertricaL Engineering Department of the 1. 1. T. Kanpur ... 
has organized this Short-Term In-Service Training Programme . 
Course on Problems of EH7 Transmission Including Transients. 

The subject matter is restricted to transmission only and not . 
•to interconnection ofe.h.v. lines into .a network* .Thus it 
■ refers to the hfext- higher level -of voltage that will overlay 
the existing 1 2 ! 20 kY and 4Q0 kV network of lines . The problems 
that need appreciation and solution are- related to high-voltage 
phenomena such as switching overvoltages, lightning overvoltage 
radio noise, audible noise, electrostatic field, shunt and 
series compensation, protection- using digital methods and 
fault-sensing by travelling waves , characteristics’ of long air- 
gap flas hover, and many allied topics. 3 imulationf of dc trans- 
mission systems for transient performance is also' covered. 

With voltages on the increase, sub-stations are becoming very 
large and electromagnetic interference to measuring, protection 
and signal (communication) circuits using conventional co-axial 
cables is becoming a serious enough problem to replace them 
with optical fibre cables. Many measurement and control aspect 
are now being taken over by dedicated microprocessors. Ail 
effort has been made to include those two topics in the lecture 
series. Static Yarr systems and high phase order have also 
been touched upon as future developments indicate that they 
might find use in India. 


■ ' A volume such as this is' the result of the combined 
efforts .‘of many individuals. The coordinators wish to acknow- 
ledge with" gratitude the help.. of Professors, .who spared their 
valuable time and effort to place no.t-s at our -disposal readily. 
The staff' of the High Voltage- Laboratory did all tin- chorus 
required in putting this volume together* ■ Without their 
efforts, we would have been seriously hen die app,- d . a |e. .acknow- 
ledge our thanks to. Sri Ghorcpade >and Sri Ram Autar. : Sri.,.. 

To gen dr a Chandra did "all the typing, (sometimes very difficult 
equations). Any error in"the final editing is solely the 
responsibility of the •coordinators . The duplicating section 
of the EB Department andvthe Graphic. Arts • Section of the I.l.T. 
deserve our thanks for their cooperation. 


. .... We thank, the Principal Coordinator, QIP, ITT, and the 
•higher... authorities of. the . I.l.T. , . for their, keen interest and 
continued encouragement. The Hoad of . the El Department, I.l.T. 
deserves our thanks for his part in making this course possible. 
We finally thank tho QIP participants and from th a power 
industry who have given us encouragement by their keen interest 
an d ; presence. 
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CALCULATION, AND MEASUREMENT OP R : I PROM HOT-VOLTAGE 
AC & DC TRANSMISSION LINES' AND STATIONS 

Notion this topic are prepared from the Workshoppapers : 
presented by Dr. P. Sarma Maruvada of IlEQ, Canada for f Coaf ereni 
and Workshop on EHV Technology ' , August 1984, Bangalore. 

INTRODUCTION • - ■ . ' ;.A '■ . J -or;.,;. ■ 

During normal operation, h igh-vo 1 1 ag e transmission systems: 
produce electromagnet ic interference'’' over a wide range of fretue; 
cies. This interf orence generally has its greatest impact on' 
broadcast radio reception (0--.535. MHz' - 1 .605 MHz) and is common! 
designated... as radio interference (RI) . It may also have an appr 
c Table . impact on broadcast television reception (54 MHz~2l6MHz), 
which, capo it is referred to as television interef erence (,TVI)., 
but . from a practical -point of .view it is RI. which .is . the more ,. 
important factor to he taken into account in the desiga. of high- 
volt ago transmission lines and stations. r . .. .. ■ , ... j 

G eneration of RI • ; Jj "' ; 

The main sources of. RI on tranmission lines and' in statior 
are corona and 'gap-type discharges which occur on .conductors , 
hardware and insulators. Such discharges occur externally, whoa 
air is the dielectric medium, but internal discharges can also i 
pro ducted ins ide the dielectric materials used ' in st at iou" ©(|d^>' ; 
meat such : 'ks ' transformers, circuit breakers, etc.' ' • ! 

Corona discharges occur in regions of high electric f laid 
surrounding transmission line conductors, stations busbars and * 
associated hardware. They are due to acceleration of electrons 
the high electric field and the result in^;;.*umulat ive ionization 
ana partial breakdown of air. The. nature, or. ’mode 1 of corona d 
charge . securing near a conductor depends to a large extent- on t 
shape of the cun duct or and the .polarity of the voltage " applied 

it ( ’negative ’ or ’positive 1 corona modes) . Irrespective of the 
conductor polarity,’ corona modes may he further classif ied on t 
basis of temporal variations in the discharge process as well a 
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in the currents induced 'in the conductor; glow coronas, in which 
the variations are very slow or even nonexistent, and pulsativo 
coronas-,,- in. which the variations are very rapid. Only pulsative 

coronas (of either polarity) can give rise to RI* 

■ r . 

Roght ive pulsativo corona, g- nor all y known <as Tr ichol pulse 
corona, is characterized hy n double-exp erim«ntnl current waveform 
with a. rise time of 5 —10 ns, an amplitude of less than 10 mA and a 
total duration of 150-200 ns- Positive pulsativo corona, or po- 
sitive steamer corona, is also characterized hy a doublc-ezponrn- 
t ial current waveform with a rise time of sonic 50 ns, a much 
larger amplitude of the -order of 100 and a total duration of 
about 500 ns. These negative, and positive pulsative coronas occur 
on conductors having the respective polarities of a DC transmission 

r J ' ' 

line or during the negative and positive half -cycles of voltage: 
applied to the conductors of an AC transmission lino. 

Figure 1 shows positive and negative corona current pulse 
shapes reconstructed in the form of a sketch by Rakoshdas^ . 

Typical frequency spectra of positive and negative current pulses 
are shown in Figure 2. The frequency spectrum of the positive 
pulse ’’has ‘ar higher initial amplitude than that of the negative 
pulse but^ falls off much faster with frequency. From tho point of 
view of RI,' therefore, positive corona" pulses aro much more impor- 
ter than negative. Thus,, only the pos ifeive-polarity conductors of 
a bipolar DC transmission line are assumed to contribute to .its RI 
level. , Similarly, only the positive -half -cycle corona is assum-: d 
to contribute in the RI lev^l of AC transmission lines. Similar 
considerations apply to corona-generated RI, from AC and DC stations. 

In contrast corona, gap discharges occur between .clo^oly 
spaced conduct nig, and sometimes insulating, surfac'-s and represent 
a complete- .breakdown of the interelc-ctro dr. -space. . ,Tho resulting 
current pulse is -characterized by a steop rise time, -largo current 
amplitude and .very short duration. Gap discharges therefore .pro- 
duce very high levels of RI as w%U as: TFT- but fortunately they 
occur only rarely on high-voltage transmission systems, usually 
being confined to AC distribution lines-’,-., • . 
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Corona and gap discharge's, end to a lesser extent the inter- 
nal the porti.al diseharges of equipment, account for the RI from 
AO stations. In DC convert" r -stations, however, the period turn-on 
and turn-off of the valves is a predominant source of RI because 
the switching times in bath cases ar ■' very short, usually of the 
order of a few microseconds. During both these operations, tran- 
sient voltages and currents appear in the system 03 a result of 
the redistribution of the energy stored in the r-r active elements 
before a new steady state is reached, - but turn-on genorot - much 
higher— frequency transients anci. is therefore the main* source of RI 
from DC converter stations. 

In the addition to the sources described above, which gene- 
rate -almost continuous or steady-state RI, the occassional opera- 
tion of certain types of equipment in both AC and DC stations, such 
as circuit breakers or disconnecting switches, generates high 
levels of transient electromagnetic interference but this type 'of 
interf crone© is outside the scope of the present discussion. 

Calculation of RI 1 

^ n - i ' H .* — rnmmrnmmm mm ■ m <mm mm> mm am i 

Although the RI levels of both transmission lines and 
stations are highly variable -and can be meaningfully described 
only by long-term measurements- .and statistical analysis of data, 
calculation methodsprovide a useful physical insight and may 
reduce the amount of data needed. A brief review of RI calcula- 
tion methods is therefore given below. ' 

Transmission Lings •« ' The principal source of Rl'from transmission 
lines is corona, which occurs randomly alopg the conductors- where - 
ever surface defects, organic or inorganic deposits, raindrops or 
snowflakes are located. Each corona source in turn injects random 
current pulses,' characterized by fairly- constant waveshapes but 
randomly .vary ing amplitudes and pulse-separation intervals. 

The current pulse injected by a corona source divides 
equally and propagates in both directions, suffering attenuation 
and distortion as it travels. Thus, at any given point on the 
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conductor, the resulting current will be composed of trains of 
random pulses generated at different distances on, both sides-- and 
consequently undergoing different degrees of attenuation and dis- 
tortion. In addition, the propagation of currents and voltage on 
one conductor is influenced by mutual coupling to the other phase 
conductors in the case, of an AC lino or to the other polo of DC 
line. Both conductor and ground impedance characteristics, which 
vary widely with frequency, must be taken into account in calcu- 
lating attenuation and distortion effects, which makes RI propa- 
gation analysis on multiconductor transmission lins extremely 
complex. 

The most important application of such calculation methods 
is to predetermine the RI characteristics of a. proposed lino 
design but unfortunately it is , imposs ible to count solely on purely 
analytical methods for this purpose. Measurements aro essential, 
which means that tests must bo performed on conductors, either in 
cages or on tost lin^s to obtain the required data. 

. Empirical methods arc also available for predicting the R-I 
performance of a proposed transmission line. These, are based on 
empirical formulae derived from large volume of measured data. 
Typical formulae for AC transmission lines arc summarized by IEEE 
Committee Report, in 1973 /2 / Appendix I and II. 

Stations • Eo analytical methods ^ro currently available for 
calculating the RI from high-voltage -AC stations although some 
computational methods exist for determining the RI generated by 
HVDC converter stations. ' Reference 3 gives one such method which, 
while bas.ically still valid ,, has recently boon' improved with 

respect to the means of determining the high-f roquoricy equivalent 
circuits xor the different componon-bs of the converter station. 
These improvements, alongwith the more. e'ff ic lent computer codes 
now available, promise the development of more accurate prediction 
methods in the near future. 
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Fig. 2 Frequency Spectrum of Positive 
and Negative Corona Pulses 

RI PROP 1GAT ION ANAL ISIS 

Intro duction 

Corona on transmission line conductors generates random 
current pulse trains, which propagate along the line, undergoing 
attenuation and distortion. The objective of the propagation 
analysis is therefore to determine, from a knowledge of torona 
generation and the electrical characteristics of the line, the 
RI currents at any point along the line and subsequently, the RI 
field strength at points under the line. Some basic concepts 
involved in the propagation analysis are reviewed below: 

A. Power density spectra of random signals. The Ri performance 
of transmission linos is generally exprossod , ( &.&■ a function fre- 
quency. Consequently, the RI propagation analysis should also he 
carried out in the frequency domains. It is therefore necessary . 
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to determine tho most appropriate Eiethod of represent ing the 
generation, propagation and measurem ■'at'” aspects of RI in the 
frequency domains. 

For periodic or transient signals, uniquely defined in tho 
time domains, Fourl.r transform tcchniqu'-s are used in order to 
represent them in tho- frequency domains. However, since corona- 
generated RI is characterized hy pulse trains, in which both tb' 
amplitudes and separation tiim-s of the pulses, vary randomly, 

conventional Fourier 'transform techniques cannot he used. Tho 
most appropriate method of representing such signals in the fre- 
quency domains is in terms of power density spectrum, which is 
related to the mean square value of the signal rath' r than the 
instantaneous amplitudes. The concept and some properties }f the 
power density spectrum are explained in the following. 

Considering a random signs!. f(t), the average, power in tho 


f 2 (t)dt (1) 

It is seen that P as dofin d hy (1) also corresponds t^ the 

O .. 

mean square value of f(t), i.c .ff ( t) . 


signal is given hy 

T/2 


P = Him ~ 




T/2 


If now it is assuavet that f(t) is truncated outside it j 

*w 

> T/2, the Fourier transform of the resulting signal f,p(t) may 
he defined as F^Cw). The energy B^ of the signal fj(t). is given hy 

t : 

= • j f ji (t)dt (2) 

By applying Parsev si's theorem, we get # ' 

= j- f j(t)dt = j j? T (w) j 2 d w . (3) 

, *> — <#/ v ; ( 


\ P 
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But', by clef in it ion , 

f 


<>« 


1/2 

r 


f J(t)dt 


f 2 (t)dt 


(4) 


■ CO 


•T/2 


Using ‘(3) and ( 4 ) in ( 1 ) , the average power is given by 
T/2 
' v l% 

1 / 


CA« 


P = Lim 


I 


«/ 

-T/2 


f 2 (t)<lt =— j- 


I 


1 im - 


B t (w) I 


dw ( 5 ) 


T 


In the above equation it is seen that as T increases, - the energy 

" p 

of f T (t) and hcuco P T (t) and hence | F T (v) | also increase. In 

the limit as •!+>», the, quantity | P T (w) j 2 /T may approach a limit. 

i/exists* we define <p(w), the power density spectrum of f ( t) , as 


<p( w) = L im 


P T ( w) 


( 6 ) 


The average power P is thou given as 

T/2 

I / 

4- 

T-b* ■*’ 

a 


A 


P =jf 2 (t) = Lim “ / f £ (t)dt 

"-T/2 


1 


2 a 


<p( w) dw = 




I y(f)c!£ 


(7) 


* 


where w „ = 2mf . It may bo noted that, since jPm(w) 

if’ • ‘ (- 4 * X * i Jm ' • 

P T ( w)P T (w) = P T (w)7j\ cp( w) is an even function of w' . Equation 
( 7 ) may therefore be written as 


P = =• ~ 9 < w)JL?= 2 / 9 (f) df 


( 8 ) 


It is seen from ( 6 ) that the power density spectrum retails 
only information of magnitude of the frequency spectrum I\j,(w) and 



that the phase information is lost. It is also dear from (8) 
that the power sp-. ctrol density <p(f) represents average power in 
the signal f(t) at tho frequency f • 

Some pron^rt i'"s of power density spectra which will h p use- 
ful later on are summarized below; 

a) If a random signrl f ± (t), having a power density spectrum cp.(w), 
is passed through a linear filte-r dcfiuc-d by a tranr-x^r funct- 
ion H(w) , the power density spectrum 9 0 (w) of the resulting out- 
put signal is obtained as 

<p-(- w) = ( H(w) | 2 <p ± ( w) (9) 

V ^ 


b) If several random signals f^(t), f^^) ^in^^ * ^ laV ^ n ^ 

poorer' density spectra 9 jj_(w) , cp^^ cp^Cw) respectively, 

are passed through a linear filter defin'd by a transfrr func- 
tion H(w), the power density spectrum <p 0 (w) of the resulting 
output signal .is obtained as 


<p n (w) = 


n 

L. 

3 = 1 


|h(w) | <PjL-j( w) 


( 10 ) 


c) If a random signal f^t), having a power density spectrum rp^( w) 
is passed through an ideal bandpass filter tun-d to a frequency 
f Q , having unit gain and a banuwidfch n>f , the rms value 13 of 
the resulting output signal is obtained as 

U = \ r 2<p.(f 1 ftf (11) 

rms * Y x v o' v ' 

where <p^( f Q ) denotes the power spectral density of the input 

signal at the frequency of tu ning f . 

0 

The property described in ( c) above and the equation (11) 
give a method of measuring the power density spectrum of a signal 
using a radio noise meter which has the- capability of measuring 
rms values . 
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B. RI excitation function: The ration of RT o Gears ovrr the 

entire length of conductors of a transmission line, 'The genera— 
t ion can be either uniform or nonuniform over the length of the 
line depending on whether the weeth'-r conditions are uniform over 
tho length of the line or portions of the line are subject to 
different weather conditions, The- conc-opt of RIoxcitation func- 
tion has been found to bo very useful in tho analysis of RT from 
transmission 1 in^s in cases of both uniform and nonuniform corona 
g^n'f ration. 

for the single conductor transmission line shown in Pig .3, 
consider tho movement of a charge j generated by corona to -th-' 
vicinity of the conductor. The current induced in the conductor 
due to the motion of the charge may be obtained by applying the 
S hoc kl o y-Ramo theorem* as 

— -j ** —a 

i = ps. v 


( 12 ) 


P 

^ V 


-arrv 

P ig . 3 . 

where, 3 is tho vector electric field, at tho point where the 
charge is located, produced by the application of a unit potenti- 
al to the conductor, and v is the velocity of tho charge. The 


*fho S he c kL o y-Ramo theorem states that, in a multielectro do system, 
tho current induced in tho kth electrode due to t ho motion of a 
charge with a velocity v is given hy i,= 3, .v, where if, is 

the oloctric field vector produced at the point whore tho charge 
is located by the application of unit potential on the 'kth elec- 
trode and zero potential on all the other electrodes,., 
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elect ric field is almost radial flerar- t 7 "hr conductor surface where 
corona occurs, and its mngn Itude ’is giajoDt by 


The current 



induced in -tho *-ccu da -ctor is 


( 13 ) 


therefore obtained 


as 


i = < • 


_C„ 

2 ^ e o™~ * 



( 14 ) 


where v is the radial ■velocity ceontp- 6 a».ent; of the charge. Equation 
( ' 1 4 ) can he rewritten as ' - 


l = 


(. 


• v- 


0 


2 ft 


( 15 ) 


■v is fi ±f an ct :i)a only of the space charge 


O O 0 

In equation ( 15) , r = ~ 
movtmabt near the conductor. liif co-rr-“eotr induced in tho conduc 
tor may- therefore he considered ns d_op«. aiiling essentially on two 


facto rs j 

1 ) The ‘-capacitance of tb j coaductoor, Ciicst. depends only on the 
conductor configuration, arid 

2) Tho density and movement spaaoo o" forage near tho' conductor, 
which depends only on the alcrrtri-c fcfir -1 d distribution in tho 
c o n due tor v ic in ity . 


The term Y' in equation ( 15 ) is teELaw <i y.i the excitation func 
tion. 


In tho context of II genoirvBtiio.si, i represents tho random 
current puls-* trains induced, la thnr oandiLcter nr, more appropri~ 
atcly, the rms -value of the carr^at --it a given frequency, which 
would be measured by a radio aoswF? m «ete«r according to equation 
( 11 ). Consequently, the nscifcafcicoa rfiiccach ion is also expressed 
in t*. rms of a rms value or indiirccti^y : in, terras of the power spec— 
tral density. 
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She principal advantage of the concept: of RI excitation 
function is that it is iu dependent of the conductor or line 
geometry. Thus, p can hr measure:! in a simple geometry such as 
a test cage, and used to predict the RI performance of a practi- 
cal 1 in e co ni igu r a t io n . 

In the case cf a mult iconuuc ter line, equation (15) may he 
generalized to 

[i] - ,-2^~ [?] Cl'] (16 > 

whore [ i] is the vector of currents induced in the different 
conductors, [C] is the- capacitance matrix of the lia", and [ p ] 

is the vector of" the generated RI excitation functions. 

RI Propagation on a Single Conductor Transmission Line 

Cons id.o r -an infinitely long single conductor transmission linc- 
with uniform corona current injection of J per unit length, for 
an elemental length of the liue, the equivalent circuit shown 
in Fig. 4 applies. From considerations of the voltages and currents 
as shown” in the figure, the following differential squat lane are 
ohfcainc d. 

S = " ZI ' e?) 

g = - y V + J ( IS) 

Since the corona currant injected is in the form of random pulse 

trains, J and, consequently, also I and Y are rms values at a 

given frequency, z and y are the series and the .sfrunt admittance pvr 

unit length of t be, \ basic transmission lino, theory that Z =Y"z/y = 
characteristics impedance of the lino and y - fz y = a + jp is 

the propagation constant of the line, a being the attenuation 

constant arid (3 the phase constant.. It may .also bo recalled that 

a sinusoidal current i(f) at frequency f, injected at a particular 

point of the- transmission lino efividos equally as shown in Fig. 5 
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Pig.6 


and propagates in both directions. The current i(f) at; n clisstnaco 
x on o it bar side- 'of tha_ po_int of injection will then bo 

( 1 ?) 


i x (f) 


h 


A transfer function H(f) ciay therefore bs def iaea as 
H(f) : 


yf) 


1 _ ~yx 

Of T. = 2 - 


( 20 ; 


Returning to the random nature of the corona current inject'd,, the: 
uniform corona generation may be represented by the injection of 
a current having a power spectral density of <p^(f) per unit length, 
Referring to Pig. 6 the injection of 9 Q {f)dx at x produces rot the 
.point ,of observation 0. a current having a power spectral density 




X 




•i 
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Pig. 5 
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2 

m {f) = j H(f ) | y c (f)dx <p 0 (f)dx (21) 

The power spectral density cp(f) of the "total current following at 
0 is therefore, obtained as 


9 (f) 







a (f) 

2 



o 



( 22 ) 


The result of _ equation (2 2 ) can bo ^xprsessod in terms of the cor- 
responding rms values of the currents I and J as (compare Eq. ( 11 )) 

I = *— ( 23) 

2 foT 

Equation (23) is thus the required solu-tion to the differential 
equations ( 17 ) and ( 18 ). 

The last step in the RI analysis of thu? single conductor transmi- 
ssion line is to calculate- the elrctric ana magnetic field compo- 
nents at the ground lovol from the cur*r«cat obtain'' d in (23)^ 


rr)i 

V 


V 


Hf- 




* pryV, 


F ig .7 



Referring to Fig. 7, the magnetic field at any' point P^ is obtained 
(assuming a perfectly conducting earth) as 


H 


271 


2 In 


.2 2 
h -tx 


(24) 


Finally, assuming a 'ISM poods of wave propagation, the co rrespon- 
~ddng electric, fiolu is obtained as E = Z Q H , where' 4 Z 0 is— the wave 
impedance of Irc-e space. Since Z ".- 120 7t, we obtain 


S = 60 I. 


2 h 



(2*5) 


RI Propagation on a Multiconciuctor Transmission Lins 


In analogy to equation (17) and (18), the equations defining the 
■RI propagation on a multi conductor line, including corona gen'- ra- 
tion along the conductors, maybe written 1 as 

-fc [V] = - [*} [I].. (26) 

-fc [I] = - [y] [T] + fJ] (27) 

where, [V], [I] and [J] are crlunn vectors of the voltage and 
current on the line and of th~ corona current densities inj-ct'-d 
on the conductors, [ z] and [y] are square matriaos of series imp- 1 '- 
dance and shunt admittance per unit length of the lino. The 
square impedance arid admittance matrices comprise, of course, 
self as well as mutual terms. Thus, equations (26) and (27) 
represent a sot of coupled differential equations which have to 
be solved simultaneously. Direct solution of these equations is 
therefore an -extremely difficult task. / 


Modal analysis is used to simplify -equations (26) and (27) 
into a number uncoupled sets' of equations which can c-ach be 
solved as in the case of a single conductor transmission lino. 

In or d^r to further simplify tho analysis, the modal decomposition 
of the equations is carried out assuming a lossless line, and tho 
effect of losses is intro ducod later for each of the modes in tho 
form of madal attenuation factors. 



Rd -1 5 


How, if [r-] represents the , g'K)-»etric matrix* of tine Hi__jie, with 
the matrix elements 


2h, 

g . . = In- 
°n r. 


g 


id 


In 


jjJ. 

a i: 


( 2 * 8 ) 


where, h^ is the height above ground of the ith com da ct :or, r^ 
is the radius of the ith conductor, D.. is the dds - baa ce - between 

-L 

the ith conductor and the imago of the jth conductor -in _ th e ground 
plan- and d. . is the distance between the ith and ith. c ton til actors, 

J- j *> 

the- impedaxico and admittance matrices may bo writ ton as 

WU 

O] = w [i] = - 3 / [G] [2 9) 


[y] = w [0] = w.2ite 0 [G] -1 ■ (3«J) 


whore, w = 2nf, f being the frequency of yolt£g<'s sni currents, 
[1] and [G] are the inductance ana capacitance matiric t of the 
1 in e ♦ 


Also, from (16' , 


[ J ] = dyy • [°] t r '] = err 1 [P] 

Substituting (29) to (3>1) in equations (26) an d C 2 r 7 ) , 
a wu 

-fj- m = - g t- w m on 

ir [ J ] = - w - 2ne o CATV) + CAT 1 [PD (a) 

How, let [M] be the modal transformation matrix; of G, Lite. 

[M]" 1 [G][M] = [A] a 04) 


where [A] a is the diagonal spectral matrix of [& ] . ifilso , lot 


m = [m] [v 0 ] 

-[I] = [H] [I 0 ] 

[J] = CM] [J c ] 


cn = cm] tr c ] 


( 55) 

(56) 

( 57) 
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V . I and J in the equations above ar^ the modal ■compo’* 

w q7 q q 

norxts of th& voltage and currents * Substituting (3 p) (37) in 


( 32 ) and (33) , * ' 

a mi ' . . 

[»] [T 0 ] = - si 2 - [»] [«] tl 0 ] (78) 

' ' ~fi [»] [I 0 ] = - w.27fe o [G] H [M] [V 0 ]+[8] _1 [W][r 0 ] (39) 


These 'equations can be rearranged as 


-fe [v 0 i = - 2# w 1 is] m [i 0 i < 4 °) 

f; [I 0 ] = - W .27te 0 [M']" 1 [Gr , [M][T 0 ]+[M]- 1 [G]* 1 [M][r 0 ) (41) 

Oh further simplification, : - 

‘ , ' wu 

-t[T c ]=- 2 flA] a [y ' '(42) 

fi-do] = -^24e 0 [ A]^’[V 0 ] + [ A]- 1 [r 0 ] (43) 

A 

Since [A]^ and [ A ] ^ arc both diagonal matrices,' equations ( 42 ) 
and (43) represent sets of uncoupled differential equations* For 
an tt~coaductor.ayBtr.ro, there will bo n sets of differential equa- 
tions, corresponding to the n modal components, similar to equa- 
tions (17) and (18). Therefore solutions similar to ( 23 ) arc 
obtained for each of the modal components. 


By comparing equations ( 42 ) and (43) with (17) and (18), the modal- 
characteristics impedance matrix' of the line may be obtained as 


t z c] =, 


2 % 


2nwe 


o 




_ I 


2% }j e. 


[A], = 60 [A], 


Details of application of the modal analysis to actual RI cal- 
culations are illustrated by considering a practical example. 
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Example of RI Calculation 

The cmthoci of RI calculation described above is illustrated 
by considering ABB’s 765 kVline conf igurat ion . The conductor 
height is assumed to be equal to the average conductor height of 
60’ (18.288 m) , and the influence of ground wires is neglected. 

The calculation procedure comprises the following steps: 

Step 1: Tho first step is to calculate the maximum bundel gradi- 
ent for all the throe phases of the line. For following tba 
phase number the gradients are: 

B 1 = s 3 = ,9 ' 67 

B 2 = 21.10 kV ms /cm 

Stop 2 : This step involves the determination of the RI excitation 

of the three phases, from a knowledge of tho 
maximum bundle gradients of stop 1 . This requires in turn a prior 
knowledge of as a function of E for the bundle under considera- 
tion, which can be obtained eithe-r by testing tho bundle in a 
test cage or on a test line or by using empirical formulas already 
developed 4 on the basis of extensive tests. For conditions of 
heavy rain, reference 4 to 6 propose empirical formulas for 
determining tho'p for any given conductor bundle. Based on the 
results of those r^f ^rences, the following values are obtained for 

=r 3 = 46.5 dB above 1 pA/m 1 / 2 

~p 2 = 48.7 dB above 1 pA/m 1//2 
or •p 1 =y 3 = 211.3 pA/m 1/2 and p> = 272.3 pA/m l/2 

Step 3: for the line configuration under consideration, the geo» 
metric matrix [G] defined by equation (28) is obtained as ’ 


5.15 

1 .05 

0.51 

IA 

O 

• 

5.15 

1 .05 

0.51 

1 .05 

5.15 


functions y '\*T'2 f 


[S] = 
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Steir 4 : This step- involves solution of equation (54) to obtain 
the modal transformation matrix [M] and the diagonal spectral 
matrix [A]^* Equation ( 34 ) may he written as 

. [ C] [M] = t'A] d [F] 
or 

^ 4 *A ^ *| *2^ 

g 21 g 22^ S 23 

g 31 §32 §33A 

The above equation has a nontrivial solution: only if the determi- 
nant of the first matrix is zero, i.e. ,, , ■ 1 


M 

1 1 

M 

1 12 

M 

13 ! 

1 


M 

21 

M 

22 

M 

J 23 

' — > 

0 

1! 

F 

31 

M 

32 

33 




1 fA 

g l 2 

g 1 3 i 



21 

g 22 A 

g 23 

= 0 

(45) 

: 3i 

g 32 

€33 A 




Equation (45) reduces to a cubic equation in A, the solution of 
which, using the matrix elements of -G- obtain'd in Step 3, gives 
the following values of A : 


Ai = 3*91, A 2 = 4*64 anciA^ = 6>91 


Substituting each of these values in (44) gives us the colums of 
the modal transformation matrix M* For A 1 = 3*91, we get 

1 *24 ' 1 .05 0*51 

1.05 1 -24 1 .05 

0.51 1.05 1.24 

or 




M. 


11 


■21 


n 


31 


0 


1.24 + 1.05 M 21 + 0*51 = 0 

1-05 M,, + 1.24 M 21 + 1.05 M = 0 (46) 

0.51 M,, + 1.05 Mg, + 1.24 JL = 0 





RA-19 


Equations (46) is a set of homogenous equations, and only two 
of the throe unknowns can. he- d: torn in" d independently. The third 
unknown has to he choson arbitrarily. Choosing =-1.0, the 


solution of (46) gives' Fg-j 
Thus 

‘ M. 


-1 .68 and M 


31 


1 .00 


M 


1 1 
21 


M. 


31 


1 .00 
- 1 .68 
1 .00 


For purposes of normal ization, the e lements of the column vector 
ahovo are divided hy f . The normalized vector 

is then given as 


M 11 ~ 


0.456 

M 21 

= 

-0.765 

M 


0.456 

_ 31J 


u 


The other two columns of the [M] matrix are obtained similarly 
by determining the normalized eigen vectors, corresponding to 

= 4.64 and A = 6*91. The resulting normalized medal trails- 
d 3 

formation matrix is obtained as 


[M] 


0.456 -0.707 0.541 

-0.765 0 0.644 

0.456 0.7Q7 0.541 

Stop 5 : The next step in hho calculations is ..determination of 
modal components of corona current injections. From equation (43), 
the equivalent corona current injection is given as 

-1 


[j 0 ] - [AJalrVI 


[ k ]" 1 [ hr 1 


(47) 


Since [M] [ \ ' Q ] = [f 3 
How, 

w 


•1 


0.456 -0.765 0.456 

-0 .707 0 0 .707 

0.541 0.644 0.541 
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and 


[o] = 


Therefore 


[MrVr 1 : 


0*203 

-0.039 

-0.012 

**-0.039 

0.210 

-0.039 

-0.012- 

-0.039 

-0.203 

i 

r 0.117 

-0-196 

0.1 17 

-0.152. . 

- 0 

0.152 

0.078 

. 0.093 

0.078 


Now, if assume RI generation of Phase I, 


cn 


[ Jc] is then" obtained as 


fr 

* 

21 1 .3' 

0 

*= 

0 

_ 0_ 

! 

0 


\ik/r/ 




0.117 

-0.196 

[J 0 ]=[M] - 1 [c] - 1 [r] = 

- 0.152' 

’ 0 



0.078 

0.092 

or 



” 24.64 ~ 

> , 

j ta> 

c 

= 

-32.19 

.•)}*;* - ,, 

* * 

J ( 3) 

L. O ^ 

- i - 

. 16.54 . 


0.152 


h i . 3 ' 
0 

0 


where the superscripts 1, 2 and 3 represent, -the mode ' numbers . 

The corresponding modal components of tho currents in the condu* 
ctors are obtained by analogy with equation ( 23 ) as 


~t <D1 
c 

I *( 2 ) 

c 

- . , 

‘J 0 (1) /2V5' 

■J 0 (2) A zfSj 

T (3) 

_ c 

„ \ 

_ J 0 (3) / 2fS 3 


( 46 ) 
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where <t ^ j <x 2 80 ^ are °x>dal attenuation constants * Based 

on measurements on actual transin iss ion lines, the modal attenua- 
tion constants may he assumed as 

a 1 = 0*173 x 10 ~ 2 * 4 Nepers /m (0.15 dB/km) 
a 2 = 0.115 x 10 ~ 5 Nepers/m (1.0 dB/km) 

= 0.691 x 10 “ 3 Nepers /m (6.0 dB/kro) 

Substituting these in (48), 


fj ( 1 ) “ 
c 


2964*6 

T ( 2 ) 

x n 


-1500.0 

1 

H 

0 

1 ^ 


314*7 


pA 


Finally, tho corresponding phase currents are obtained using 
equations ( 36 ) as 

T (D 


( 2 ) 


~ V 

* 

■ 

" M 11 

C\J 

*T 

M 

13 

I 2 

= 

M 21 

M 22 

M 

23 

_ J 3- 


_ 31 

"32 

M 

33 


I 

L c 


(3) 


conductor 




yr\O<$-0. 

1 

2 


^ 1 2 3 - 


— 

0.456 -0.707 0-541 


2964.6 

-0.765 0 0.644 


-1500.0 

0.456 0.707 0.541 
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pA 


three conductors, 
results in currents M 


It is soon from ( 49 ) that each modal current flows in all the 

( 2 ) 

the modal current I ' . for example, 

( 2 ) C ( 2 ) 
^ 2 I v flowing in conductor 1 , ^ 22 ^ 0 ^ 

in conductor 2 $ad ^ in conductor 3 * The modal current 

distributions in tho three conductors' can be represented ..as • 

shown in Figs. 6 (a), 6 (b) and 6 (c). 


(49) 



1351.9 jxA 


-2267-9 (aA 


1351.9 pA 






currents 

© 

1060.7 tiA 


r^Tr 


© 

-1060.7 


Figure 8(a) Mode 1 
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• Figure 8(b) Mode 2 currents 

© 0 0 

170.3 pA 202.7 pA 170.3 pA 
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Figure 8(ct Mode 3 currents 

In tile above, the current compose ts in the three conductors of any 
given mode are in phase with each other. The current components 
corresponding to the different modes, however, will not be in phas 
because of differences in the velocities of propagation of the 
different modes. Although more sophisticated methods exist 8 for 
-addition of the different modes, a simple rms addition will ho 
assumed in the following. 

atejL.6: The next step, after determining the modal RI currents 
in the different conductors, is to calculate, • the electric field 
component of RI under the lino. Squat iod (25), is utilized for 
this purpose to determine the electric- f;i£Ld at any point due to 
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each of the throe nodal current distributions- For any -point on 
tiie ground, at a lateral distance X from tin* centre phase, the RI 
field duo to the mc-cis 1 current distribution is obtained as 


B 1 = [F-^X) .i/' ^ + F 2 (X)I 2 ( + R 3 (X)I 3 (1) ] (50) 

where 1^ ^ , I 2 ^^, 1^ arc node 1 currents in conductors 1, 
2,3 respectively and ( X) , F^(X)' and F 3 (X) are fi Id factors 

given by 


F-j(X) 


a 120H 
H 2 +(X-D) 2 


P 2 ( x ) 


120 H 

2 2 * 
ET+X 


^(X) 


1 20H 

h 2 +(x+d ) 2 


(51) 


where H is the conductor height and B is the phase spacing. 

For X = 95 ‘ (28.956 m) 

P 1 = 3*87 | F 2 = 1.87; F 3 = 1.02 
and the modal field is obtained as 


B 1 = 1351.9 x 3*87 - 2267.9 x 1 .87 + 1351-9 
x 1 .02 = 2368.3 pV/m 

Similarly, the field components at thn sane point due to the other 
two modes are obtained as 

2 2 = 3027.5 pV/n 

3, = 1212.1 pV/m 

y 

The resultant RI field at the point, due to RI generation on phase 
I, is obtained as 

E a = fB 2 + l 2 + B 2 = 4030.4 pV/m 

Steps 5 and 6 will have to be repeated to determine the RI field 
produced at any given point due to RI generation on phases 2 and 3 
respectively of fh, = 48.7 dB and = 46.5 dB. The resultant 
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fields at the point under cons idc ration arc ; 

E b = 5437.2 iiV/m 
E = 4030.4 ixV/r 

Thf : resultant RI field, due to the RI g<~ne rat iou' on all three 

phases, is again assumed to he the r.m.s. sum of the fields B , 

a* 

E, and E 
h c 

i.e E = = 7877-3 liV/m 


= 77*9 dB above 1 p,V/m 
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M3ASTJKSM~'I OF RADIO 1HTERSR3RDNGB 

_ The measurement of RI from high-voltage transmission sys- 
tems is carried out using a radio noise meter, which is basically 
a calibrated radio receiver that functions as a tuned radio- 
frequency (RR) voltmeter. The meter comprises an input device 
which can be antenna or a probe f ceding -in bo a tuned RR amplifier. 
As in the case of .a radio receiver, the output of the RR amplifier 
is mixed with the output of a variable -frequency local oscillator 
to obtain a fixed intermediate ‘-frequency (JR) signal which is 
further amplified. Th<"' combination of RR and IR stages functions 
effectively as a calibrated tuned bandpass filter. The IR output 
is then passed through a detv etor and appropriate weighting cir- 
cuits to measure the peak, quasipook, average of rms values of tho 
interference. A detailed analysis of the radio noise- meter respo- 
nse to random pulses is discussed in B- 0 f • 9* 

Th-: r~dio noise meter described above, standardized accor- 
ding to AilSI or CISPR, is used to measure th'"' RI from transmission 
linos and stations. In making such measurements, particular 
attention mustbo paid to the selection of the location, the cali- 
bration of the measuring instrument, the background noise level 
and a number of other factors. A comprehensive guide to the 

1 0 

measurement procedure has boon published as an IEEE standard , 
which is nowundorgo ing revision to update and extend its -range of 
appl i c ab il ity . 

S inglo-Conductor Line 

Rrom the point of view of RI analysis, a 3 ingle conductor 
line may represent a single phase AO or a monopolar DO line. In 
the cases of a s ingle -conductor line, Rabro^ established in a 
heuristic manner that the geometric moan of the envelopes of tho 
maxima and minima, of tho RI frequency spectrum of a short open- 
ended line- is identical with the RI frequency spectrum of a 
corresponding long-line. - Holstrom 1 2 and Pcrz 1 ^ provided the 
necessary analytical proof of the geometric mean method of ’ deter- 
mining the long-line- RI performance- from measurments on short 
open-ended lines. 
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Considering the case of the oprn-cncicd tost lino at IREQ, 
which, is 273 n long ana has a natural ros-mauc*. frequency f =1 - IMHa 
Fig .9 shows tho shows the frequency spectra of the magnetic field 
field measured at ground level directly below the centre of the 
line, for a constant uniformly distributed RT excitation function 

A 

of P= 0 dB above 1 pA/m ^ at all frequencies and for different 

earth resistivities from =0 to 10, 000 ohm-m. The t-’st line 

n 

comprises a 6 x 1.6 ( 4.064 cm) conductor bundle nt on average 

conductor height of 12.2m. The earth resistivity is an important 
parameter since, during long-terms testing, the •••arth resistivity 
may vary over several orders of magnitude depending on th' nature 
of the soil, the temperature and humidity variations in the soil--, 
etc. The results clc-arly show that the earth resistivity has a 
large influence on the amplitudes of the maxima end a much lessor 
influence on the amplitudes of the minima. The frequence ns at 
which the maxima and minima occur aro also reduced with increased 
earth resistivity, due to tho resulting reduced velocity of 


propagation. 



O' 1 


■< 


O 


to H,p z . 20 

F 1 

16 ‘ 9 spoctiam of SI under an open-entoa 

o ingle— conductor line* 



RA-27 


- The practical implication of the results of Fig. 9 is in 
the choice of a measuring- frequency for purposes of long-term 
recording, of El. As pointed out hy Lefevre^ tho frequencies 
near the maxima are not suitable because of tho extreme sensitivity 
of the measurements to slight frequency variations, and measurements 
near the minima may he affected by ambient noise. Frequencies 
in between the. maxima and minima have therefore been suggested as 
ideal for long-term measurements. It is seen, however, that 
frequencies- between (2n-l)f Q /2^n=1 s , 2..., are also 'subject to 
considerable variations in earth resistivity. On the other hand, 
frequencies between nf Q and (2n+1)f /2, n=1,2... show much less 
variability due to variations in f and therefore appear much better 
suited for long-term measurements. More precisely, a. value of 
abo&t ( 2n+0 .6)f Q /2 seems to be the best measuring frequency. 

Another aspect which nay affect the- accuracy of the geome- 
tric-moan appro ach is tho bandwidth of tho measuring instrument, 
especially at low earth resistivities. Tho geometric-moan method 
is based on tho theoretical maxima and minima of tho frequency 
spectrum. However, the finite bandwidth of the measuring instru- 
ment reduces tho measured coal; compared to tho theoretical maxi- 
mum. For the line considered, for example, at y = 0 ohm-m, the 
measured peak with a 5 kHz bandwidth (MSI) instrument will be 
about 16 dB lower than the theoretical maximum, resulting in an 
8 dB errd’r in the geometric mean J ' For y = 10 ohm-m, however, 

-this .-error, ia-nraiacod to -about O'.^dB', 5 'which is negligible. Thus, 
for normal v aides of earth 'resistivity, the error duo to instru- 
ment ban dwidthi" is ’ negligible. All the ‘frequency spectra reported 
in, this paper -are calculated assuming, a measuring instrument 
having a bandwidth • of 5 kHz?* . ' 
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Bipolar DC Line 

An. example cf the two -conductor transmission line i3 the 
bipolar DC line, neglecting the influence of any ground wirrs 

present . In the case of a bipolar DC line, HI. gene rat'.: d by 
corona on the positive polo, predominates completely over that 
generated on the negative polo* so that for all Practical purposes 
RI generation on the negative polo can be neglected. Although 
RI generation occurs only on one conductor, the RI propagation 
■on the bipolar DC line is composed of two distinct modes. In 
the following, the case of the short bipolar DC test lino at 
IREQ, also 273 m long as in the .case of the single -con duct or line, 
is considered-. The line comprises 6 x 1 .6 conductor bundles on 
each polo, at. a pole spacing of 15*2 m and an average conductor 
.height of 15*4 m. RI measurements with the line either open- 
ended or terminated are discussed. 

As in the case of the single-conductor lino, RI measurements 
may be made bn 'the bipolar DC test lino with both ends open. It 
is not obvious, however, that the. geometric mean method, which 
has been proved analyitcally for a single-conductor lino, applies 
also to the case of a bipolar DC line. The RI propagation on 
the bipolar DC line is composed of the ground mode and lino mode 
which propagate with different velocities and different attenua- 
tion constants. Although the open-circuited ends of the lino 
produce reflections, thoy do not givo rise to any intermode coup- 
ling. Tho analysis developed is .therefore applicable? to this case. 

The frequency spectra of the RI magnetic field measured at 
ground level at the centre of the open-ended line, for 'p = 0 dB 

and \ __ = - -r ds and for three values of earth resistivity are 
shown in £ig. 10. The two peaks occuring in the region of the 
maxima correspond to the two modes of propagation. The sharp 
resonance- peaks correspond to the lino mode of propagation^ and 
are affected by variations in earth resistivity, although to a 
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s r 

much losser extent than the ground' mo de . The lowor^krnpl itude 
second peaks correspond to the ground mode .propagation . The amp- 
litude as well as the frequency of occurrence of the ground mode 
peaks vary with the earth resistivity, reflecting corresponding 
changes in modal attenuation and velocity. The clashed lines in 
the f igure correspond to the geometric mean between fchc maxima 
for the three values of f considered. The solid lines correspond 
to the actual long-line frequency spectra calculated for f\ = 0 

T" 

and P__ = -•.*■•’ dB . The results show that the geometric mean of the 
maxima and minima does not give the corresponding long-line RI 

level. It low earth resistivities, the difference between the 

geometric mean and the long line RT levels is negligible. The 

error increases, however, with increasing earth resistivity. 



Pig. 10 RI frequency spectrum, at 15 m from positive polo, 
of an open-ended bipolar DC lino. 
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Three -phase AO Line 

El propagation on three phase AC transmission lines is 
characterized by three modes* . The modes are conventionally 
numbered in the order of decreasing attenuation, with mode 1 
having the higher attenuation and mode 3 the least attenuation. 

For a flat three phase line configuration, the mode 1 - known as 
the ground mode - corresponds to current flowing out in all the 
three conductors and returning via earth, mode 2 to current 
flowing out in one of the outer conductors and returning via the 
other, and mode 3 to current flowing out in the two out;: r con- 
ductors and returning via the central conductor. 

Three phase AC lines are also characterized by RI gen •'.ra- 
tion, of about the same order of magnitude, on all the tftrvo 
phases. Tho corona activity on each phase conductor occurs during 
a short period around the peak of positive voltage, on that con- 
ductor. Thus, RI on a three phase line is generated as a result 
of successive bursts of corona pulses separat 1 ' d f r om each oth'r 
by a time interval correspnding to 120° of the applied alt. mat- 
ing voltage. For purposes of propagation analysis, however, the 
RI generation on each conductor should bo treated separately. 

The measuring instrument, on the other hand, integrates th' con- 
tributions due to the excitation of each conductor. Depending 
on the type of instrument used, the contributions duo to each 
conductor may be subject to rms addition (rms detector) or to CISM 
addition (Qp detector). From a practical point of view, the 
difference between the two methods of addition is not significant. 
An rms addition is therefore assumed in the following. 

Although only one conductor, is excited at a time, currants 
flow in the other conductors also clue to the existence of all the 
three modus. Thus, in the cases of both short ^and long lints, a 
modal analysis of RI propagation should be carried out for the 
excitation of each conductor, arid their contribut ions added, 
appropriately at the measuring point. 


t 
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RI measurements on short throe phase tost linos are genera- 
lly carriea out with the- line open-ended* -Some attempts hare 
1 B 

also he on made with the line terminated at, one end and open at 
the other. The case of an opea-endeci line is discussed "below. 

A 732 km long three phase test line, similar to that at 'Apple 
G-rove is cosidersd for purposes of illustrating the application 
of the proposed analysis. The line comprises 2 x 1 .6 11 conductor 
bundles on all three phases, a phase spacing of 10.7 m and an 
average conductor height of 18.3m. 

Figure 11 show, the spectra of the RI electric and magnetic 
fields, at/ ground level at the centre of the line and at ' distance 
of 15 m and - 30 m respectively from the outer phase, namely con- 
ductor 1 . 



Pig.il Frequency spectra of RI electric and magnetic fields, 
at 15 m and 30 m from conductor 1 , for an open-ended 
three, phase test line. =0 dB, y\ =T”h 00 dB . 

1 - ‘«t 
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APPENDIX - X 


RADIO NOISE PREDICTION EORMULIS DOR AC LUES 

The basic characteristic equation for all comparative 
methods (ie; the methods which use ernp iricol relation) can bo 
expressed in the following form; 


B 


\ + \ + \ + \ + \ + E f B fv 


B ; calculated PIT level of a lino in dR above. 1 nV/m 


B q swell defined Rdi reference value, followed by correct ion 

fa«tors in d3 for gradient, diameter, buncfl~, dint'-nco , 
frequency, and foul weather. 


Symbols used in formulas 
g = maximum gradient kV /cm 

g = average gradient kV ,7cm 
a rms / 

d = (Sub) conductor diameter, cm 

n = no of subcond. in a bundle. 

D = conductor to antenna, or radial distance, nn 

h = line height, m 

f = frequency, MHz 

S = bundle separation, cm. 

P = gradient factor ie s 

P = 2{n-1) sin(m/n) or 

P = 2.0 for n=2 

P = 3*48 for n=3 

p = 4.24 for n=4 

4O0kY-EG-( G-orroanv) at 1 MHz 

1 = 53*7 + 5 + K (g m - 16.95) + 40 log + e ^+20 K d log 

K = 3 for 750 k¥ class Bf + 

K = 3.5 for other lines, gradient limit 15-l9kV/cm 
\ = 0.4 dB for single conductor 
E n = 10 lo S 4 n > 1 


evifA 
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K-q = 1.6 + 0.1 for frequency r^ngc 0.5 to 1 MHz 
B-n,, = zero for fair westh-r 

x m 

= 17 + 3 for rain* 

B-, . = E if E is at lea^t 3 dB higher than ths fi*-ld due 

JL -Li. Aw IlI e-ini. HtcTt-A, 

to any other phase- at that location. If the difference between 
tha two highest values is less than 3 dB, 



In fair weather, 

3 = [(3-7 g m t 12.2) + 3 ] + 40 log + 20 log 

-12(logf) 2 - 17 log f. 

To calculate ths maximum RH level in heavy rain, the part of 

the sbovo equation between bracket [.] must bs replaced by one 
of the following expressions t 

[10.5 g p - ( gp/2) 2 - 31] for ' g p < ,17 
[4*37 g p - (gp/ 4) 2 + 19*5] for g p > 17 

where g p is the bottom gradient of the bottom, subconductor in 
kV/cm 

s p = “l+p 72 S ^ 1 + 2S~ 00 r ’ ' ) 

ir = angle- between the maximum gradient 
y = 0 for single and 3-bun ulr- 
= 45° for 4 bundlc- 
= 90 ; for 2 Bundle 
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A = 146 for fair weather 
- - = 120 for foal wo at lie r 

B = 40 for horizontal lines 
= 32 for vertical lin's 
0 = 1 for f > 1 KHz 
=0*5 for f < 1 MHz 

The RE field intensity reference valu.-s at 30*5 a radial 
distance are s 

B o = 34 dB + 6 (50% value, fair weather) horizontal lira's 

= 37 dB + 6 (50% value, fair weather) vertical limes 

= 63 dB (max. foul weath\ r) horizontal lines. 

= 66 dB (max. foul weather) vertical lines 

The + 6 dB included is the standard deviation 


MI Ii ( Italy) 

E = 47+38(g a - 15*0) + 40 log -g- + 10 log n. + 30 log ^ 

+ B f + 3^ • 

E f = zero for 1 MHz 

2 

and = 20 log for 5 < f < 10 MHz 

Bq = correction for elevation 


300 


wh-ro q. - elevation in metres. 

Bor "bundled conductors & r*ra n-t-rwi 4 --> • . 

it, r-j. ^tna to max. gradient as » 


= 


g 


m 


.1 + pd 72 S" 



BGU ( czechaslovak'ia) 


1 =_ 11+4*5 g n “ 34 log D + B f 
E f = O*for f = 1 IHIz-. 

The formula Is applicable for g m between 12 & 20kV/cm 
and for (Sub) conductor diameter between 1.92 and 3*31 cm. The 
distance correction is valid between 10 and 100 m. ■ « 

For frequencies between 0.15 and 5*0 MHz, 

B f = -22 log f - 15 log 2 f. 


Apple Grove : For frequencies between 0.2 and 16 MHz 


d. 


B = 48 + 3*5 (g m - 17.5) + 30 log -~ 


+ 20 log •2Q.. J 2Jl + -jo (1-f) 


D 


RADIO HO 1335 PREDTC T TOD FORMUL AD FOR AC LIMBS 


METHOD GRADIENT 3 


g 


CONDUCTOR 


DIAMETER B 


FRBQUSNOr 3 f 


DISTANCE B 


D 


d 


a 


Germany k (g n -g Q ) 4D iog-J 


1+fr 


D 


20 log — 

1+£* 


20K D log p- 


n 


n 


10 log ™ for aa.oij r oi csucLactora 

XI p jj 4 

Japan 3*7 g m -g Q 40 log 17(log f Q ~log f) 20 log^- 1 ^r 


+ ^2(log c ' f -log 2 f) 

Q 


d 


Vesting- 3*5(g -g n ) 30 leg , 
house 1 " o 


10(f„-f) 


D. 


20 io g n -(^) 2 

o 


Ontario/ A log g m /g A 40 log ~ 
Hydro m ° a o 


C+f‘ 
20 log §■ 


B log 


l)r- 


c+f 


D 


Czechoslo- 4.5(g -g_) 
vika m 0 


20 log f -log f) 34 log 


D. 


D 


K 


3 for 750-kV class 


+15 (log 2 f Q —log 2 f) 


K. 


3*5 for g=15-19 kV/cm( German) 


B= 40 for horizontal 
1 inns 


rr 1,6 for frequency range of 0.5 to IvO MHz_ f ti x 

A v = 146 for fair weather ~ ^ vcrtlc "“ i 


C=1 for>1MHz 
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APPBNDIX II 


RADIO BOISE PREDICTION FORMULAE FOR DC LINES 

hohfr _ L 

=51+1 *5(g-2Q.9) + 10 log | +A4.577 " 55 ^ oTcf4“" 4 ' 0 log 18.6 


1=214 logjf - 278 [log(^)f+40 log-f- -27 log-—™ -40 log 


30.5 


” J| ( JQ 

E= 1 #6 g + 40 log 2" 4-® log 3—5 


E=B + 80 log — + 10 log ~ + 40 log ~~~ +40 log 
o g_ 


D 


1+f 


D 


E=E o +K*(g-g o )+40 log -™- + 20 log i~~ +29.4 logjj 


1+f' 


F = r 0 + 1-71 (g-g 0 ) + 40 log -f^+30.8 


D_ 

D 


0 


E=B o +10 log' n + 20 log r + 1 . $ (g-g Q ) - 40 log 


JL 

D. 


0 


K = 2.65 g < 23 k7/cm - 
= 2.0 g $.23 k7/cn 
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RI MEASUREMENTS' 'METER RESPONSE • 

INTRODUCTION 

<• , ' Measurements. of- radio interference from electrical power 

equipment and lines have "been carried out since the early 
thirties . A present, for the range of amplitude modulated 
‘broadcasting' frequencies, that is around 1 MHz, such measurements 
are usually carried out with either of two different instruments, 
the CISPR^' and the ANSI^. Both are provided with a tun- 3 ! band- 
pass: filter at the input, the former for 9kHz bandwidth, the 
latter with a (slightly variable) bandwidth around 5 kHz* The 
output of the filter in both instruments is fed into a detection 
network consisting of a half -wave rect if ier,. r a weighting circuit, 
and an indicating meter measuring the arithmetic mean value of 
the output voltage from the weighting circuit, see Fig.1 . 



TO*sJS\3> BanMi^SS 
f'<-T£R 


P J_ T l~C T”ji W f: 1 r t 1 ( v < hA 


D! c Alt 

i- 


Pig. 1. Schematic diagram of a radio noise' meter* 


Usually, the instruments are used for 'quasi-peak’ reading 
which means that. the weighting circuit is adjusted for 1 ms 
charging time constant and 160 ms (CISPR) or 600 ms. (ANSI) discharge 
time constant. The mechanical time constant of the 'indicating 
instrument is made sufficiently long to filter any rapid vari- 
ations and give- only the me- an value. In addjtion to tho quasi- 
peak, the ANSI instrument also has a peak and an average reading. 
The peak detector is a slide back voltmeter which measures th.' 
peak value of tho modulated output of the filter. The average 
detector, also known as ’Field Intensity’ detector, has an RC 
filter at the output of tho detector, which is designed to pass 
only tho very low frequency components ( including dc) of the 
detector outnut and thus s-ive the average value of tho nut-nut. 
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The intention behind the weighting circuit of a quasi— 

peak detector is to give a reading proportional to the distur— 
h ing effect on human being (which is not caused by the prog, ram 
itself) • It is' an interesting question as to what extent, this 
intention is fulfilled for 'the various typ<-s of radio inter- 
ference encountered in practice; for example, the character of 
the noise from a dc converter station or a dc lin* is entirely 
different from that from ac equipment and lines, or from house- 
hold appliances. ' However, this question has boon do hit with 
elsewhere^ - * and will not be discussed here. 

Instead, another problem will hr analyzed, namely tho 
prediction of the radio interference from high voltage ac or dc 
systems by help of mathematical (or semi-mathomatical) analysis 
of tost data on equipment, or of data from tost cages and tost 
lines, and alsofrom accumulated experience from existing lines 

t 

of similar but not identical design. . '• 

Usually a quasi-pc ak r c ading is : util iz<’ d f or such studies, 

but it goes without saying that the readings from an instrument 

based on annoyance criteria may not necessarily br suitable for 

advanced mathematical analysis. Therefore work has been carried 
6 7 

out * in order to develop a better adapted instrument for this 
particular case, more specifically an instrument has 1 d on the- rms 
valuo of tho noise within the passband. Those efforts ’irve act 
been very successful, essentially duo to inherent limitations in 
the- overload char act or is tics of tho instrument. 

Tho authors Sarma and Oavallius have used another approach. 
A superficial study, based on energy considerations, shewed 
that a conventional quasi-peak m~tor for pulses in the higher 
. repetition ra fc, and especially for randomized pulses, might 
give a reading . not to o far from the- rmsvaluc of the pulses. If 
this would' he the 'case, then the error by using tho quasi-peak 


RA-40 


meter for linc i cor i n r \ sturli'-s would bo within tolerable limits. 

V i OO 

Wiifcli this' in’ - the response of the two motors in question has 
boon studied in this p°pr-r b y computer simulation techniques and 
compared with that of an ideal rms meter. 

It could, with some justification, bo argued that tho 
radio interference fr ; ai hjgh voltage power line is a very minor 
problem. The overwhelming amount of complaints con.c ruing radio 
interference arises from household apparatus, industrial plants 

O f 

and m'-dium vltagc transmission system , in the lot-tor case espe- 
cially from defective insulators.. An instrument, which un doubts illy 
is reasonably useful for this bulk of instruments might well ho 

J. 

used even for the- specific case of measurements on- high voltage 
systems.,. 


However, this is not the- point. • A faulty conclusion at 
tho planning stage, resulting in a too t high interference l?vcl 
of an EHT or UHV line , may forco : reduction of the operating 
voltage which will have enormous pcon'eriical consequences . This 
emphasizes the importance of a corrodt prediction of the levels. 
One, or actually the most important, element in such a prediction 
is the instrument itself, and if its characteristics do not lend 
themselves to mathematical analysis, excessive errors may occur. 

Habor^ made an aualyais of the qUasi-pcak response of tho 

radio noise mater to periodic impulses with random amplitauis. 

The analysis is based on tho probability density. of the input 

voltage to tho detector and weighting circuits. .Considering thc- 

quasi-poak detector circuit shown in Pig . 3 , whore R R are 

the charge and discharge resistors, U is the .poss it ive eae-v slope 

of the input voltage to the detector circuit, and U„ is tho quasi 

Ip 

peak output voltage, tho charging .and discharge current i and 

c 

i^ arc given as 
i.. 


U 


R, 




(i) 
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cx$ 



p(U) dU 


( 2 ) 


where, p(TJ) is the probability density of U * 








Rig. 2 ' Quasi-peak detector circu it 

In the equation (2), i Q is the average charging current assuming 
that TJ^ is very nearly constant. Since the average charging 

current should be equal to th" v discharge current, the quasi-peak 

value is obtained from (f) & (2) as 


— J (« -%) p(U) <10 .(3) 

C U=0 

RP 


Thv probability density function p(U) has been obtained analytic-a 

lly by Haber for periodic pulses having rectangularly distributed 

amplitudes, and t ho integral equation ( 3 ) is solved to obtain 
CL . 


L 
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The method of analysis described above can be extended 
to study the more general problem of pulses' having amplitudes 
as well as the separation intervals varying randomly according to 
specified probability distribution functions. - However, an 
analytical determination of the '“probability distribution function 
p(U) for the general case is extremely complex. Consequently, 
a digital simulation technique is used in this paper to obtain 
p(U) for any given distribution of the amplitudes an d/ repeti- 
tion times . The corresponding quasi-peak value is obtained by 
solving equation (3), and the average and rms values are obtained 
as 

cxS> 

U ave = J u P(P dtl (4) 

0 ■ . 
oO . -j 

' s,= C J ° Z P< u ) " ’’ (5) 

o 

Some results of tho digital simulation study are verif is. d by 
a hybrid computer simulation of the- meter response. 

t 

COMPUTER SIMULATION OF RESPONSE ' ’ 

\ 

The ideal method of studying the response of a ratio oso ■>« 
mot-'r is to generate vol&ge pulses similar in shape to corona 
pulses and having known random applitude and pulse separation 
interval characteristics, and feed them directly into tho meter. 
Since no 3uch random pulse generator is presently available, the 
motor response can not bo obtained directly from tests. However, 
tho random pulses as well as the meter charact eristics can be 
simulated either on a digital or on a hybrid compute.r. 

Since the meter can be assumed to bo linear up to the 
detector stage, a pulse input to the meter may be represented 



in both simulation techniques by a detector input pulse corres- 
ponding to the positive envelope of the first peak .f the wove— 
'form shown in Fig. 2. A rectangular pulse input to the meter 
having an amplitude U and duration T is then represented by a 
detector input pulse having an amplitude CJ^ = 211^ /X f , a duration 
rj = 2 /A f and a form defined by U 1 a(t), whore 


/ +\ sinTtfl f t 
a ' x ' ~ Ten ft 1 


t 1 


h.f 


( 6 ) 


A random pulse input to the meter is equivalent to a detector 
input of 

3J 

U(t) = zL h. a(t - T.) (7) 

i=1 1 1 

Where h^ and are the random amplitudes and pulse separation 
intervals respectively, and I is the number, assumed sufficiently 
largo, of pulses used in the simulation. Equation (10) is not 
valid in the 1 case when T^.is less then , since in such a case 
two or more pulses are superposed within the bandpass filter 
of the motor. A method of taking into account the superposition 
of pulses is discussed in the Appendix. 

In both methods of simulation, the cases of ac and dc 

corona pulses are considered 'separately. A continuous aequ.-ncc 

of random pulses represents the case of dc corona. Under ac 

conditions however, the corona pulses produced during the positivo 

half cycle are the main sourco of interf ercnce. During the period 

T af each cycle, pulses occur only during a tim** interval T 

■ j 0 0 X* 

centered around the positive peak of the .altr.rnatin voltage. The 
duration of I cor depends on the applied voltage, conductor surface 
conditions, etc. 



RA-44 



D ig it al 5 imul at io n 


In digital simulation, a'random detector input pulse 
train U(t) having specified probability distribution for the 
amplitudes and the pulse separation intervals is generated, and 
the probability density distribution p(U) is calculated by random 
sampling of the pulse train. The calculated distribution p(U) 
is then used in equations (6) , (7) and (8) to obtain tbe quasi- 
peak, average and the rms responses of the meter. 

Fig. 3 shows a typical random pulse trein. The amplitudes 
h^ and '.-t he pulse se-paration intervals "T^ tare defined by probabi- 
lity functions p(h) and p(T) respectively. For example, oxperi- 
mental evidence shows * that the pulse amplitudes have a 
Gaussian distribution while th pulse separation interv”3.s have 
and exponential distribution. 

Gene ration of random pul s e amplitudes and separation intervals. . 


S qu ac-> of ran' cm re cor”' *pon dine 

to the pulso heights and sop or at ion intervals a-ro generated on the 

computer using a standard subroutine for computing uniformly 

distributed random numbrrs between 0 and 1. Cons icier, for example, 

the probability density function p(X) of a random variable X as 

shown in Fig. 4(a). Th corresponding probability distribution 

function P(X), whi-eh is defined as 

X 


P ( x < X) = 


f P6x)dx 


( 8 ) 


J 


-a 


is shown in Fig. 4(b) . Th* function B(X) varies between the limits 
0 and 1 . If P(X) is now represented by a random number Y distri- 
buted uniformly between 0 and 1 , the solution of the equation 

Y = P(X) (9) 

1 5 

gives the desired sequence of random numbers X having the given 
probability density function ' p(X). 



Pig. 4(a) Probability density Pig. 4(b) Probability distribution 
function. function. 


Assuming, • for instance, .that the pul no amplitud 'm aro nor- 

molly distribut'd, tb- probability dais ity,f unction is given as 

( X-jl ) 2 

p(I) = c 2<r 

Of 2 n ( 10 ) 


wh o ro p, is the moan pulse amplitude and o" is thr standard 
Pho corresponding probability distribution function is 


do vi at 


given as 



The sequence of normally distributed pulse amplitudes are then 
obtained by solving the following integral equation for h 


1 = p(h) 



UL-Jil 


2o 


dX 


Por a given values of Y, equations (12) can bo 
to obtain the corresponding value of h. 


.. -( 12 ) 
solved numerically 

~ t * x-r - 


Since only positive pulse amplitudes are considered in this 


study, it is more appropriate to represent them by a truncated nor- 
mal distribution function. The probability density function is 
assumed to be truncated on both sides of the cv-an at (p-a) and (p+a) , 
where (p-a) > 0. The distribution is normalized by making the ora 
under th:- resultant probability density function equal to 1.0. 
Equation (12) will then be modified as 



P(h) - P(u -a) P£hl__- f ( u-a) 
P( p+a) ~P( p-a) “ 1-2 P(p-a) 



Equation (13) is again solved numerically to obtain ; h- for a given 
value of Y. . ; 

The pulse separation intervals aiay be represented by the 
exponential probability dfnsitv function 

t -• P('T)‘ = V.e~ k T ’ ; (14) 

whore 1 />, is the mean separation interval. 

11k- sequence of random pulse separation intervals may bo obtained 
using (9) as 
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T = P(T) = 1 - e ; 

or T = - ” in ( 1 - Y) (15) 

A | 

\ 

Equation (It) is then solved oxplicitely to obtain the random sop- \ 
aration times as a function of the uniformly distributed random 

i 

number Y. \ 

Calculation of p(U) . After generating the random detector input 

input pulse train, as shown in Pig. 3, ly the- motuod drscrib* d ; 

above, the corresponding amplitude probability density function 

p(U) is calculated by random sampling in each pulse separation 

interval . The sampling is dr no by generating again a uniformly 

distributed random number I, and selecting tin sampling time t =-Y. ' 

Yhc corresponding amplitude of the pulse train is obtained 

by calculating U(t ) from equation (10), taking into account the 

S 

superposition of pulses if necessary. The probability d-noity ; 

function p(U) is then obtained by considering a sufficiently largo ( 
number of samples. Finally, the solution of equations (3), (4) \ 

and (5) gives the quasi-peak, average and. t ho rms responses of the ; 
meter. ” 
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This lecture will cover the following topics : 

(a) Energy sources : Transportable and locally usable: 

(b) Methods of development and their limitations in use : 

(c) Comparison between power situations of India and Cananda; 

( d) Power handling capacities and salient features of lines from 
400 kV to 1200 kV: 

(e) Examples of power pools in India: Hydro-electric and Thermal: 

(f) Transmission voltage selection for hydro sites: 

(g) Rate of power growth for thermal stations and voltage selection: 


: Intro duct ion 


A student or research vrorkrr concerned with power transmission 
in India must be aware of the energy position in this country. With 
the extremely rapid pace of development of industry on the lines of 
North Americas, Eunppe, and Janan, which cater mostly to the econo- 
mic uplift *f the urban population, which in turn brings the horrors 
of over-urbanization, one should not lose one's orientation on what 
the engineers' efforts are doing for the progress of this country. 

It is therefore imperative that we understand the nature and extent 
of our resources, the rate of depletion or conservation of the same, 
the energy requirement for any given region or the country as a 
whole, and the methods of planning. 


It might be categorically mentioned at the outset that unless 
new sources of energy are developed rapidly in India, reliance on 

conventional thermal energy sources will bring tho wheels of prog- 
ress to a complete hald within a century, even if all the hydro o' 
potential is developed. By the year 2100, with the never-ceasing 
rate of increase of population, combined with the depletion of non- 
renewable natural resources , India will be • in dire straits . It has 
been recognized, without quest ioning or an understanding of tho 
basic principles laid down by Mahatma Gandhi, that some top people? 
in the electrical power industry have -taken it for granted that 
electrical power forms the basic necessity for the progress of this 
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country. I will keep away from this debate, but it merits serious 
thoughts whether the above assumption is true. Be that as it may, 
the development and use of electrical energy places a very great 
responsibility on today's planners and managers. This point must 
be emphasized in college and University curricula. Educational 
institutions must instruct as much on energy problems as on the 

control of power by computer methods. 

The above is my personal opinion. 

Electrical energy sources for industrial and domestic uses 
can be divided into two broad categories, comprising the following 
methods of generation: 

1 • Transportable ; (i)Hydro electric, and ( ii) Conventional thermal 
2. locally usable (with limited amount of transport): 

( iii) Conventional thermal in urban load centres: 

( iv) Nuclear thermal: 

(v) Wind energy: 

(vi) Sola.r Cells, or, photo-voltaic energy: 

(vii) Solar thermal: 

(viii) Geo -thermal: 

( ix) Magneto -hydro dynamic or fluid-dynamic energy: 

(x) Coal gasification and liquefaction: s 

(xi) Ocean energy: (a) Tidal (b) Wave (c) Thermal gradient 

(xii) Biomass energy: (a) Forests (b) Vegetation (c) Cow dung. 

Sources (iii), ( iv) , (v) , and (viii) can be connected to 
an existing grid also. 

, SBGEIQiL-II : MethQ.dg_of_ Power Development and The ir Limitations.. 

1) Rvdro -Electric Power : The known hydro potential in India is 

50,000 MW (with 40 GW inside India and 10 GW in Nepal and Bhutan. 
30# of potential or about 12 GW lies in the North-Eastern Region 
in the Brahmaputra Valleys in Arunachala Pradesh and .Assam) . 

These can be categorized as (a) High-head (26#) (b) Medium-head 
(47#) (c) Low-head, (< 30 metres) (7#) and (d) Run-x>f— the river, 
(20#). Presently (as of 1980), 18 GW are developed in high-and 
medium-head stations. : Reservoir silting makes the life of a large 
dam between 50 and 100 years, so that re-location is necessary. 
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Terracing of fast-moving streams in the Himalayas can he carried 
out as is the case with Switzerland. 

In India, low-head and run-of-the riverjplants have not "been 

developed, although a lot of planning has taken place for the in- 
stallation of micro-hydel power stations. This is .a rich. area .for 
investigation for one who is interested. 

2) Go ad : The five broad categories of coal in India' are' : Peat . 

(4500 3 !HJ /Lb), lignite (6500), Sub -bituminous (7000-1 2000) > Bitumi- 
nous (14000), and Anthracite (15500 BIO /Lb). 

Only non-coking, coal is used for power generation, which is 
estimated as 23 Giga Tonnes (which is 50% of the total depos.it of 
this variety) . The present installed capacity in Central India 
using the available coal- in that region is 4000 MW, burning up 
12 Million Tonnes annually. The present rate of annual increase in 
installed capacity is nearly 10%, but this will have to be slowed 
down to 5% annually. In the U.S.A., which is one of the coal— rich 
countries in the world, the annual rate of increase in installed 
capacity is 3*2% for coal -fired stations. 

The estimated life of coal deposits in India at different 
rates of annual growth in installed capacity is as follows: 

% Annual Increase 5 6 7 8 9 10 

Ho. of Years for Doubling 15 12 10 9 8 ,7 

Life of Coal Deposit, Years 140 1 20 1 08 97 88 80“' 

3) Oil : At present, oil is used exclusively for transportation. 
Therefore, none is available fox’ electric-power generation. 

4) Hatural Gas : This rich source of power is not known to exist 
in India to any great extent for eyon domestic -cooking use# There 
are “a very limited deposits near oil' 'fields which are used for 
running gas-turbine ' electric stations for local use* 

5) Coal Liquefaction and Gasification : The efficiency of a conven- 
tional thermal station rarely exceeds 2'5 to 30%. But when the coal 
is liquefied, because the ash content Is removed, it can gene-rate 

as much power as 7 to 10 times its weight in coal in high-ef f io iency 
internal combustion engines. Indiancoal contains about 45% ash, 
so that transport of this ash. in coal is very uneconomical. This 
is further complicated by the large pilferage of coal at stations 
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where the coal -haul lag trains stop and the fact "that railway wagons 
are direly heeded for food* - transportation* Therefore, with liquefit 
coal and use of pipe lines, power-generation can take place at loa< 

centres with wore reliability if pipe lines are maintained properlj 

6 ) ' Nuclear Energy ; Recent . events have given this 'typo of energy 
a lot of publicity which have exposed in some measure, the need as 
well as the limitations which India faces. France develops 44% of 
its total national power output in nuclear thermal stations, expor 
ting some to the United Kingdon through the .under-sea D.C. cable 
(about 2000 MW). Fast -Breeder-Re actors are now getting more widel; 
used. In a Liquid-Metal -Fast Breeder Reactor (LMFBR) , the fuel is 
mixed-oxide .U02 and PuDg- , which is conserved to some oxtent by 
converting U238 to U239 and then to Pu239» Presently, the breeder 
ratio is 40%. All reactors use liquid Sodium for heat exchange an 
no moderator is used as in conventional thermal reactors. 

, •; In India, there exist very limited. Uranium .deposits in Bihar, 
but 'the world’s major deposit of Thorium lies in Kerala. Research 
in using this element' in nuclear reactors is non-existent in the 
world on which India borrows heavily for its technological develop 
ment and utilisation. Therefore, India must develop its own reser 
arch and development plans if its nuclear-energy for the future is 
to be guaranteed. 

7) liM-Jinorgy : It is estimated that 20% of India’s power require 

ments can he met with wind energy development. The Deccan Plateau 
has winds most favourable for large-scale power production with 
average wind velocities of 30 Km/hr blowing constantly. 

Wind mills or turbines can be of ■ the horizontal— or the verti- 
cal-axis types (Darrieus), with further facility for varying the 
pitch of the vanes* to suit wind velocity. These can develop .upto , 
1 MW at any one installation. A power output of 10 MW will requii 
blades^ of 200 metres in dia and winds of 50 Km/hr. In rural areas 
a power of 1. KW to 10 KW requires 1 'acre of land. 

, Wind power -is intermittent in nature so that storage facility 

is necessary. These take the form of. storage batteries or compre- 
ssed air. 
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Latest improvements are; (a) use of augmenters which, create- 
a vacuum on the downstream side of the blades, thereby increasing 
the power output by a factor which could theoretically ±*ea'ch"100 
but at present is about 4; (b) Use of a Venturi duct to enhance the 
wind velocity by a factor of 3 at the turbine located in the neck, 

as designed in Portugal; ( c) mounting the Venturi duct arrangement 
on railway tracks to orient the machines along the. changing wind 
directions; (d) the MADRAS system, which uses 7-5 metre dia 30 me- 
tre tall cylinders wheeled on a track by the wind to whose axles 
are attached the generators; and finally, (e) the Tornado System 
using a wind towor 600m tall and 200m dia using cheap fuel to heat 
air on the downstream side of the turbine to create the partial 
vacuum . 

Por an electrical engineer, the challenge is in devising so- 
phisticated control system in order to generate a constant-freque- 
ncy constant-voltage from the variable-speed generator, and device 
circuitry for synchronizing, the generators to an existing grid, 
system. This has been accomplished by the Bonneville Bower Admi- 
nistration in the U.S.A* 

8) Solar-Oell Energy r Primarily, solar cells were used^-for space- 
satellites. But, recently, they arc finding use for domestic power 
supply and in industry. As of now, 1 KW can be generated with 

5 sq.m, of panel at an insolation level of 400 cal/sq. cm. /day. 
Average Indian insolation level is 600 cal/sq. cm ./day . By the year 
1986, the U.S. hopes to develop cells which will cost J$ 1000/KW of 
peak power. This is the same as the installation cost of a nuclear 
reactor, but the advantages are obvious. In India, plans for re- 
search, development, and manufacture of Silicon solar cells are 
already taken up by the B.H.B.L* and other plants, since this c ( __. 
can be combined with thyristor manufacturer. 

9) Magneto -Hydro -Dynamic Power : The largest MHD generator that has 
successfully completed tests is the AVC0 500 KW unit. Current- 
collection at temperatures "beyond 2000°C has been overcome. • Super- 
conducting magnets utilizing liquid-Helium at 4°K give a designed 

f;' field of 8 Teslas, but the. usual field strength used is between 2 
I to 3 T. Hot liquid-sodium from LMFBR’s have' also been utilized as 
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the conductor 'at about 550° C in order tp develop more power from 
nri auxiliary M-F-D generator near the reactor. 


10) Fuel —Cell Energy : The first fuel -Cell .concept utilized H-0 
interchange in order to yield a flow pi electrons, while at the., 
same time provide - drinking-water to astronauts in space programme; 
Electric automobiles were developed using -the same concept. 


She most recent version developed by the Consolidated Edison 
Co. of lew York uses a module operating at 190 deg C. Bach cell 
develops 0.7V at a current’ density of 0.25 A/sq.cm. The total 
voltage output of the installation is 13*8 kV, equal to that of a 
standard power-station generator. The power output is expected ti 
reach 1-J £W» 

11) Ocean Energy : Energy from the sea can.be developed in 3 diife 
rent ways. ( i) Tidal ( ii) Wave ( iii) Thermal Gradient. 

. , _ J - * o 

Tidal Power : The highest tides in the world occur at 40 to 50 
latitudes, so that Indian tides are limited. Tides upto 3 -5 m 
exist on the Gujarat Coast, at Bombay, and at Hoogly. The U.K. 
tidal development is very extensive,, and they hope to develop 
8000 MW or 10# of the national power requirement by the year 2000 

L 

France has- sucbessfully put .into operation a 2400-MW station at t 
R^nce -River estuary using hulb turbines. 


Like wind power, tidal power is intermittent and requires 
storage systems. Sea ' ’water -is stored in a reservoir at high- 
tide periods which will flow through' turbines in the conventional 
way at low-tide periods In Cananda, a unique system exists at 
the Bay of Fundy on the Atlantic Coast where the power developed 
at. .two tidal-power stations is used for running giant pumps for. a 
pumped-rstorage plant nearby on the St. John River. 

lay . q, .. Bflepgy : Depending upon, wave height, an average power of 25 t 
75 TSrf can be .develpped per wetir4 of wave length. , However, the 
highest power attained to date is : 5 ’'Kw/m 'of wave. ..The scheme use 
sealed chambers, closed at the top and open to the wave at the 
bottom. When the crept of the wave passes through such a chamber 
it compresses the air in one chamber which flows into another und 
which the trough of the wave is passing. This compressed air flo 
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through an air-turbine driving a generator. 

.. The most talked-of scheme is in Japan, where a 200-metre long 
3Q-ro wide floating buoy (anchored to the. sea bed) has chambers 25 
sq.m. in area. With -a wave, height of 4 m it will generate 30 MW.. 
Bach generator is rated 125 KW, 3~ph, 200V, 950 RPM. 6 poles, and 
47*5 Hz. The power will be used for extracting Uranium from the 
sea water which will be utilized in nuclear reactors yielding ulti- 
mately 10 times the power from the wave-power station. Desalina- 
tion to obtain drinking water is also considered. 

Ocean Thermal Power : This scheme utilizes the natural temperature 
difference -existing between the warm surface water (25°0) and. the 
cooler ocean-bed water (5°0) . A heat exchanger uses the warm water 
to convert liquid ETH^ into vapour, which then drives a turbine-ge- 
nerator unit-. The cool ocean-bed water is then 'used, in a condenser 
as in a thermal station, and the fluid is pumped back 'to the heat 
exchanger for vaporization of HH^. The ocean-bed-water, is brought 
up to the surface installation through a pipe 20-m in dia over a 
height of 500m or more. With giant off-shore structures having .* 
heen developed for o il -wells ,. erect ing power-generation installa- 
tions poses no special problems. 

wxax m. omaii mmsmmm ims for imil 

Se ction 5 ;• Comparison of Power Situations in India and Oananda 

The present highest voltage for transmission in India is 400kV> 
3-phase A.C. Hearly all State Electricity Boards have either adop- 
ted this level or will be adopting. It is..a matter of only 8 or 10 
years more when a higher -'voltage for transmission will be necessary. 
The C.B.I.P* has already focussed attention of concerned engineers 
Oh the need to have planning done on what the next higher voltage 
should be, whether A.C. or D.C. or a combination of both. Thus, 
Indian power engineers are now going through an exciting period of- 
planning, and I strongly urge every one -to investigate this problem, 
from theoretical as 'well as practical point of view. It is always 
an easy matter to'"be wise aft hi* the event, but:n.o other single 
problem has 1 such a socioeconomic as well as human bearing as the 
interconnection of the entire Indian' power pool into a national G-rid. 
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At the 1980 Symposium of the C.B.I.P* hol'd at Delhi, several 
ideas crystallized on this matter* Briefly., the Qcnconsus at that 
Symposium was that it • is best - to introduces, Between 1990 and 20C 

(i) 765 kV (800 kV class) as the next higher transmission voltage; 

(ii) + 500. kV D.C. for certain point-to-point transmission} or, 

( iii) a combination of both. 

UHV of 1000-kV class or more might be required beyond the 

turn of the century. 

v > * 

In considering such an important topic, it is worthwhile 
drawing a parallel of Indian power situation with that of another 
country-having.-somewhat simila.r problems, To me, Canadian power 
development comes very, close to the Indian situation. Briefly, 
Canada has a population of 2*5 crore's and the present installed 
capacity is 77,000 MW with the following distribut ion; Convention! 
thermal 27000MV, Unclear thermal 6000 MW, and Hydro-electric powe: 
of 44000 MW. As compared to this, India has a population of 67*5 
crores, installed ..capacity of 50,000 MW with 40$ In conventional 
thermal and 18000, MW in hydro. The projected rates of growth of 
installed capacity for the next 20 years are; Canada 2750 MW/year 
and India 4800 Mw/year. The power-doubling will take place in 
28 and 7 years, respectively, in the two countires. By the year 
2003, the total powers i-w ill- be equal for both coutries at 140000M 

Ihe situation in the province of Quebec in Canada comes clo- 
sest to Indian power situation in so far as hydro-electric power 
is concerned with equal amount of ..power and distance of transmi- 
ssion as in India. The power from the James Bay area on the la 
Grande River will be developed as follows: 

Station Delany Manic-5 1G— 1 1G—2 1C- 3 IC-4 

Power, MW 2550 1 000 1 140 5 300 2300 2600 

Cost,M$ • 500 750 Total, for la Crande : 12,000 

The distance of transmission from any of the la Crande stati 
to load_ centres at Montreal and Quebec City will be 675 miles or 
1100 Km. The Bydyo-Qubec has extensive experience obtained from 
their 735 kV transmission system over the past 15 years. With 
such a vast experience. , ^ 
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the James Bay development, bat dropped it in favour of the 735 kY 
level. These powers and distances are very close to what they 
are in India for hydro-electric development in the Himalayan and 
Assam regions, and the Singrauli-Ranigan j area- to load centres at 
Kanpur-Delhi— Lucknow, Bombay, and Calcutta. 

It is well worth noting that the Hydro -Quebec has not consi- 
dered the D.C. alternative, in spite of Canadian experience in + 

400 kY D.C. operating successfully in the Nelson Rive' pro ject .in t 
the Province of Manitoba. Also, countries such as the "USA, USSR, 
and Italy who have planned 1 000-17 or more, and Sweden,- Prance and 
the U.K. who have planned 800 kY class lines and for higher voltages 
have not- cons idered the adoption of D.C. transmission. This is 
not to imply that D.C. should not be--studied for possible adoption 
in India, but very serious thoughts-.must be. -given... Needless to 
say, Rural Electrification has assumed paramount importance and DC 
transmiss ion, as it exists today, is most economical for point-to- 
point transmission of bulk power so that tapping for rural distri- 
bution is not possible. Therefore if there are several tapping 
points and rural lines, the cost of rural electrification must be 
added to the cost of transmission. As of now, in India, generation 
cost is Rs . 2500 per EW, transmission Rs . 500 and rural electrifi- 
cation Rs . 2000 per KW, which represents 40$ of the total cost. 

If this is added to D.C. transmiss ion cost, the break-even powers, 
distances, etc will be : different from. .what they are in North 
American and European or even South American continents. But D.C. 
transmission, control of stability by parallel A.C. -and D.C. lines, 
back-to-back asynchronous ties, multi-terminal systems, and so on 
offer one of the richest fields of study and investigation in 
India, where such studies are either in the beginning stages or 
non-existent . 

Section A; Pdwer.-Handl iag Canagities and Salient Peatures -of 
ffranam ission ,L ine s...f or. 4.QQ .. . kY_. to.. 1 200 kY 

The following voltages have been or being adopted in the world 
at 400 kY and above, with voltage value expressed between conductors 
3-phase A*C. : 400, 500, ^750, 1000, .1200, 1500 kY 

Bipolar D.C. : 800, 900, 10,00, 1 200 kY 
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.. The power-handling capacities of these linos (for.. no scries r ' 
compensation) are normally based on the' following assumptions: >. 

i) i f .G« Lines : Equal magnitudes of. -voltages for sending and rece- 
iving., ends ■ with a phase displacement of 30°which usually arises 
from stability cons ide rat ions t 

iD P.C, Lines ; A current*. of 1800 Amps is taken to flow in each 
conductor, which is limited by present state of device technolo 

Per A*C. lines, based on the above assumption, the allowable 
power, current, and percentage power loss as a function of distanc 
of transmission are given as follows: 

1) ' Power in MW , P = 0 .5 V 2 /x 1 : 

2) Current in' EA : I = 0.299 V/x L: . . 

3 ) $ power loss : p = .530 r/x. 

Sere, V = line -to -line voltage in kV. 

• - x = po s it iv e-s e qu e nee reactance of line, ohm/Em, 

. = -resistance in ohm/Em at 75°C and 50 Hz, 

and ’ L = line length in Em. 

The power-handling capacity and current admissible arc inversely 
proportional to line length at any given voltage level. However 
tie '.percentage power loss is independent of line length but depend 
only on. the ratio of resistance to positive •‘■sequence reactance pei 
un it £ which is a constant at a given voltage level. 

x The following table gives the salient, features of lines at 
different voltage levels for calculation purposes: 


7, kV 

400 

750 

1000 

1200 

Av. Height, m .. 

15 

18 

21 

■' 21" ' 

Phase Spacing, m 

11 , 

14- 

18 . ’ 

18 . 

Conductor Ho. and Dia 

2x32 mm 

4x30 mm. 

6x46 mm 

8x46 mn 

Bundle spacing 

.4572 m 

.4572 m 


— 

Bundle dia 

- 

- 

1 «2 T 

1 *2 T> 

r, Ohm./Eh 

*031 

.0136 

*0036 

0 

0 

# 

x , Ohm /Em — . 

*327 ' 

* 27 2" 

.231 

.231 

$ lp,ss 

*12 

■ 2.7 ' ' 

6.85 

0 *64 

Per instance, 1 as 

compared to a 

400 kV line, 

the loss 

es at, 


750 kV are 52.7$, at 10C0 k3T are 16.6$, "'and at. 1200 kV are ..1,2.5% 
for transmitting tv.« eowei >44.'* ^ ' , . ■ . . — 
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losses. The advantage in using higher voltages is obvious for 
conserving energy. 

The power -handling capacities of line at different voltage 
levels for A.C. transmission are as follows. 


line length, Km : 

400 

600 

800 

1000 

1200 

Voltage; 400 kV : 

6 70 

450 

335 

270 

225 FW/circuit 

750 kV 

2860 

1900 

1430 

1 140 

950 MW/circuit 

1000 kV 

6000 

4000 

3000 

2400 

2000 MW/circuit 

1200 kV 

86 40 

5760 

4320 

3460 

2880 MW/circuit 

The power “handling 

capacities of ! 

D.C. lines 

at various voltage 

levels on the assumption 

of 1 .8 

kA per pole will 

be as follows ; 

Bipolar Voltage kV 


Hh 

400 

± 450 

± 500 ± 600 

Voltage between conductors kV 

800 

900 

1000 1200 

Power per Circuit, 

m 

i» 

440 

1 ,6 20 

1,800 2,160 


The powers per circuit given above for A.C. and D.C. lines 
will be utilized in this lecture to discuss the choice of higher 
voltage required for transmission of bulk power from Indian power 
pools to load centres, as is being planned for the country. 

SECTION 5 ; Examples of Ma.ior Tower Pools in India 

Pro® a plan made, for the development of major hydroelectric 
resources in the Kashmir to Arunachala Pradesh areas covering the 
entire northern fringes of the country, it appears that the follow- 
ing MW powers have to be transmitted to load centres in the G-anga 
Valley and the Western Coasts^ j! o v*. b * 

(1) 2500 MW over 250 Km; (2) 3000 MW over 300 Kin; 

(3) 4000 MW over 400 Kin; (4) 5000 MW over 300 Kin; and 

(5) 12,000 MW over distances of 250 Km, 450 Km, and 1000 Km. 

There is considerable doubt as to the time-at which some of 
these power pools will come into operation. Some planners state 
that the massive power flow from the N.E. Region to other regions 
of the country will take place in the 90 r s. Others say that the 
installed capacity to be added in this region between 1983 and 
2001 is only 900 MW. Still others state that the installed capa- 
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city in the N.E. Region will amount to 20,730 MW by the year 200C 

Therefore it appears that the. evacuation oi power from sucl 
vast pools of. resources is still 3- flatter for discussion as regau 
the time of implementation. This places a greater responsibility 
on power engineers to be mors certain about data in order to plat 
effectively in India. However, it is certain that these power 
pools will be developed and higher transmission voltage than 400] 
will be necessary. The actual voltages and the number of circur 
rrequired will be discussed in the next section. 

;; \„.As is evident from:the wide, publicity given by the National 

Thermal. Power Corporation, the major power pool for thermal gene: 

tion is. in the S ingrauli-Raniganj-Jharia coal fields. As mentioi 
i 

before, transport of Indian coal- from mines to load centres is 
fraught with drawbacks due to large ash^ont ents , pilferage, and 
lack of railway wagons • Therefore, as- a Nat iorial • policy, the 
Planning' Commission has accepted mine-mouth generation and tranS' 
mission to load centres ' as electric power as the only policy. T’ 
'present installed capacity is 4000 MW with a very rapid annual 
increase in power which is nearly 16% in the very near future, h 
which will have to slow down to 5% in course of time. Ths power 
generated in this gigantic pool will be transmitted to Bombay, 
Delhi-Eanpur, and Calcutta areas. The powers trasmittod will be 
nearly equal in the three directions, and in Section 7, the requ 
red higher transmission voltages and the number of circuits will 
be discussed. 

SECTION 6 : Higher Transmission. Voltage Selection for Hydro - 
Electric G-eneration and Evacuation 

In the previous Section, the expected power at several majo 
hydro sites and the distance of transmission were given* In 
Section 4, the power-handling capacity per circuit at sevoral-- 
voltage levdls was also given. It.. is now a straight-forward mat 
to decide on the alternative transmission schemes required and 
should not tax the intelligence . However, the following Table i 
given for ready; reference. 
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Rower 

Distance 

ALternat ive 

■ Design 

Poss ib il it ies 



JL 

• G. 

Lines 



ik- 

.0. Lines 

2500 MW 

250 Ik 

2 

of 

£ 

400 

kV 

3 

of 

400 

kV 

3000 MW 

300 Ik 

2 

of 

£ 

400 

kV 

4 

of 

400 

k¥ or 








1 

of 

750 

kv 

4000 MW 

400 Km 

2 

of 

£ 

500 

kV 

6 

of 

400 

kV, or 








2 

of 

750 

kV (70# - 

5000 MW 

300 -Ik 

2 

of 

£ 

600 

kV 

6 

of 

400 

loaded) 


' ‘ 






2 

of 

750 

kV (75# 











loaded) 

12000 MW 

250 Ik 

8 

of 

± 

400 

kV 

12 

of 

400 

;kV 



6 

of 

± 

600 

kv 

3 

of 

750 

kV 


-- 






1 

of 

1 20C 

» kV 


450 Km 

8 

of 

£ 

400 

kV 

20 

of 

400 

kV 



6 

of 

£ 

600 

kV 

6 

of 

750 

kV 


* * 






2 

of 

1 20 C 

) kV 


1000 Krn 

8 

of 

£ 

400 

kV 

48 

of 

400 

k? 



6 

of 

£ 

600 

kV 

12 

of 

750 

kV 


6 of 1000 kV 
4 of 1200 kV 

-- From the above table, proper conclusions can be drawn. As an 
example, for transmitting powers upto 5000 MW for distances between 
250 and 400 Bn, a^voltage level of 400 kV, A.C., will suffice. This 
also can be accommodated with the technological know-how now avai- 
lable in India, which La a very strong consideration for 'making 
decisions. Serious considerat ion is required for adopting 750 k3 1 * 

and 1200 kV for evacuating a pawer of 12000 MW over oiswnce'' f rom 
distanced from-. 250 Em to 1000 Km, that is, from the Alakhananda- 
Bhagarathi complex in the Upper G-anga near Rishikesh, and the 

Brahmaputra Valley to load centres in Bihar and Bengal and south. 

* * * 

S350TIQK 7 : Evacuation of Bower from Ther m al Generation Pool 

In Section II, the life of coal deposit available for electric 
power generation for various rates of annual growth of installed 
capacity was given. With a present installed capacity of 4000 MW 
and for various' assumed annual rates of increase of installed capa- 
city, the following table has been drawn up to show the power 
picture for the year§ 1990, 1995, and 2000. 
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% Annual 

Increase 

5 

6 

_L 

~~8 

9 , 

10 

power in 

I 990 V MW 1 

6520 

7160 

7870 

8630 

9460 

10,400 

Increase 

over 1980 

2520 

3160 

3870 

46 40 

5460 

6400 

Power in 

1995, ftw 

8320 

9590 

'11040 

1 26 80 

14550 

16,270 

Increase 

over 1990 

1800 

2430 

3170 

4050 

5090 

6340 

Power in 

2000, MW 

106 20 

12840 

15490 

18630 

22390 

26,930 

Increase 

over 1995 

2300 

3250 

4450 

5950 

7830 

10,210 


Therefore, any plans laid down for the choice of voltage and | 
number of circuits would be based on a time -schedule f or* -evacuating 
the powers, which will not only .depend on the total ultimate power 
but also on the increase with time. __ I 

Now, under the assumption that the.. power from this pool is 
transmitted equally in 3 directions, some indication of the requi- 
red transmission circuits can bo worked out. The distances to 
major load centres are: Bomb ay-1 200 'Em; Calcutta - 600 Kmj and 
Delhi' -’800 Km. We will further assume that all existing and pro- 
jected 400 kY lines will be fully loaded by the year 1990. The 
additional lines will overlay the existing 400 kY network. I will 
restrict to A*C. lines, since as has already been pointed out, 
major power - producing countries have decided on 1 using A»C* at 
the 750-kY, or 1000 kY, or 1200 kY levels. I wili.-loave it to you 
to work out the D.C. alternatives, but keeping in mind that these 
lines will run in the thickest-populated regioafe of this populous 
country and rural electrification and tapping off assume groat 
importance. ‘ r : - 


By the year 2000, the following transmission linos will be 
necessary between 1990. and 2000, when the rate of power growth Is 
taken aa 5% , 7%, and 10% annually, that-, is the doubling of power 
requirement occurs in 15 years, 10 years, and 7 years, respectively < 


Pool to.3ombdy 5% 
( 1 200 Km) * ; jf 

10 % 


750 kY 
750 kY 
' 750 kY 
1000 kY 
1200 kY 


k Required by 2000 A*D*) 
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Direct ion % Rate Yoltage Glass Do . of Circuits 

(Required by 2000 A-D.) 


Pool 

to- Calcutta 

5 % 

O 

o 

kY 

3 

(600 

Km) 

ir 

750 

kY 

1 




400 

kY 

6 




750 

kY 

2 



10# 

. 750 

kY 

3 




1 200 

kV 

1 

Pool 

to Delhi 

5% 

400 

kY 

3 

(800 

Km) 


750 

kY 

2 



1 % 

750 

kY 

2 




750 

kY 

4 . . 


i 

' 1 0# 

1000 

kY 

2 


i - 

Prom., the above table, 

we can observe that for evacuating 


power from the Central “Indian generating pool,, a voltage in excess 
of 750 kV is not required; _ Reliability 'considerations require two 
circuits^ and 400 kY and 750 kY serve the purpose well. As mentioned 
in Section III, the vast experience gained by Canada in their 750 
kY system and their decision to stick with this voltage class, even. 
after 1 invest igating. the 1200 kY A.C. and D.C. transmission alter- 
natives, should form food for serious thought to planners for ado- 
pting the 750 kY class for Indian conditions. I offer this, as my 
humble suggestion. 
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ELECTROS! AT IC F IELD AAA® 

Calculation _of E le ctr_os t a t ir. _F i e Id jqf A'?-’. AA 1 ?.®.®. ’ 

Charg e o f CorAuc i-or ' ' 

/ , s ' i r • 

r , f 

rfe already described the method ox obtaining electros t 'lie 
charges on the phase conductors frpra line geometry :nid voltage. 


This is, for n conductors as shown in Figure 1 y 


[4] = [P]' 1 [7] = [M] [V] 


■2Tt£ 


where 

[4] = [a,,^ 4 n ] 

[T] = [V 1 ,Y 2 , ... , V n ] 
and 


'V'°~ A 
& fi- 


r > 

V? I \ 


Pi- i 


J 


I 

H; 


r. 


it 


‘-j 


Y 




nxn matrix of Maxwell's potential coefficients 
2H . I . 


with P. 


xx 

where. H . 


in (=— * )■, and P.. = in (r^ 1 ) 

R eq 13 A ij 

height of' conductor i above ground 


and 


I.. =, distance between conductor' i above ground and the image 
* . 

. of conductor 'j belowground * 

A • • = aerial distance between conductors i and j. 

X J U— 1 1 /ttf * * 

R eq. “ (ST,Y»R k ) •- the equivalent bundle radius, 

ii j =s 1 , , n . ' 

■’ if =s number of sub-conductors in bundle, 

y = radius of each •sub-conductqr 
R = radius of bundle. 


The line-to -ground voltages V^. .to V n and bundle charges to q^ 
are sinusoidally varying in time, Consequently, the oloctrostat ic 
field induced at any point near the line is also varying sinusoi“ 
dally at power-frequency. Phasor algebra can he used to combine 

the several components in order to yield the amplitude of the re- 
sulting field. 


£lg£t re Static Field of S/O ^-nha.se 1 inn - 

At a point A(x,y) in the vicinity of phase conductor i with 
coordinates (x,y) referred to an origin, the* f ioi a -to 
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2«e 


in which 

JD? = (x-x^ 2 + (y-y t ) 2 

Its .ho-rizontal and vertical components are as follows: 


n h = B COB e 


X x 

2ne 






Vi Z 


B v = B Sine =-5*^- 


y-y* K! 


"i/S* 

O * 

<W 


The contribution from the image charge conductor i can also 
he calculated. The field components are now in- -direct ions opposite 
to those of the line charge. 


’V - 2«<? 0 ' Dj ,' 


sin (90-6'*) 


<5". 


x-x ± 

to 1 




■y cas (90-6») 


27i e„ 


y+y ± 

(d/) 2 


where 


(D. T ) 2 =(x-x.) 2 + (y+yj 2 


The total horizontal and vertical components at A due to hoth the 
conductor charge and that of its imago are 

E hi ” 2K£ 0 C d ^2 j D ' ' 2 7 

, _ q i r EZl / 

E T i-2^ 0 L Di 2 ' (D .')2 J 

Consequently, the total horizontal and vertical compoents of elect- 
rostatic field due to n conductors on the tower will turn out to be: 


.■%m 


and B 


n 

— 

! ss *3-, 2 ' . 

Vn i=tl vi 


The total" field at point A is 
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B tn = (V 2 + ^ 1/2 .. 

Effect of E.S. Field on Ham ana . Afl^a lg, IgklglpfiJ L 

5 * 

The effect of high e.s. field of a e.h.v. or u.h.v* linp^ is 
important on (a) human beings, (b) animals, (c) plant life, and ( 
vehicles. They also have an effect on fences and buried pipe 11 
located under and .ne-ar the line. ! It is" .pi car that when an objoe 
of finite size 'is located under the lino, it disturbs tho field, 
the degree of distortion depending upon tho size and nature of t 
object. This is quite an advanced topic and will not be dealt 
with here and must be invest igatril case by _ cass.,1. However, it ha 
been found in practical situations that the effects of a distor 
ted field can nevertheless be estimated from a knowledge of the 
undisturbed field* 

(a) Human, beings, : _ • 

The effect of high' e.s. field on , human beings.,, has been, more 
extensively studied than <5» any other animals of objects because 
its grave and shocking effects which has resulted in loss of iif 
Consider a farmer ploughing his field while sitting on a tractoi 
and having an. Jimbe.ralla.-br canopy for shade.' -Ho has the chance 
being charged by the resulting corona from pointed spikes* When 
gets off the vehicle and touches a grounded object^ he will disc 
rge himself. Also, when a standing on ground a- human body 1 is 
pure resistance of about 1500 ohms, if a vehicle is parked uncle 
a transmiss ion line and has insulated tyres, and a human being 
touches the chassis, the charge acquired by the vehicle"' will dis 
charge through the body. If the current.. .is 9 mA, -which: is known 
the let-go current, then he experiences a shock that..can cause 
damage to the body including^the brain by impairing muscular act 

affecting the. dungs. For women tho let-go current is 6 mA and f 
children 4.5 mA. 

It has b$en f.ound experimon tally that the limit for the un- 
disturbed field is 15 k?/m for human beings to experience shock. 
An e.h.v. or u.h.v. line must be designed such that this limit J 
not exceeded. Some power util it ios are very coricious of this 
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responsibility and have purposely increased the minimum clearance 
over and beyond what is.. specif ied from air-gap insulation clearance 
requirement. As an example., the* .Bonneville Power Admin is tret ion. .in 
the USA have selected the maximum e.s. field gradient to bo 9kV/m 
at 1200 kV and in. .order to do so have used a minimum cleeranbe at 
mid span of 23*2 m whereas they could have chosen 17.2m based on 
clearance required for switching-surge insulation as prescribed 
by the National Electrical Safety Council. ___ ^ 

(b) Animals : 

X 

Experiments carried out in cages under e.h.v. lin^s have shawn 
that pigeons and hens are affected by high e.s. fields of 30 kY/m. 
They are unable to pick grain with their beaks properly resulting- 
in large spillage which affects their growth. Pigs and cattle 
experience shocks when their bodies acquire charge and they then 
drink water from grounded troughs resulting in a discharge. How- 
ever, this takes place in fields in excess of 30 kY/m. Therefore, 
human beings limit the e.s .'field of a transmission line and not 
animals • 

c) Plant Life : 

Plants such as wheat, rice, sugarcane etc. suffer the follow- 
ing types of damage. At a field strength of 20 kY/m (RJ-TS) , the' " 
sharp edges of the stalk give corona discharges so that damage 
occurs to the upper portion of the grain-hearing parts. However, 
the entire plant does not suffer damage. At 30 kY/m the by-produ- 
cts of corona become intense enough to cause harm. These are 
emission of N^O , and ozone. Further, the resistive heating due to 
increased current prevents full growth of the plant and the grain. 
Below 20 kY/m' the" plant is unaffected and this may be considered 
_as the limit. Once again, this is abovo what is safe from human 
point of view. 

a) Bt frieie g: 

Vehicles parked under a line or driving through acquire 
electrostatic charge if their tyres are made of insulating 
material. A parked vehicle might acquire charge because of its 
capacitance, the large*the vehicle the higher being the charge. 
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When a human being contacts the-. vehicle, ho has to conduct the 
discharge currant which might amount to the let -go current * It h: 
been found from. both experiments as well as by calculation that 
existing designs, of 400 kV aro quite safe and no fatalities have 
been reported so far from parlced vehicles acquiring charge. How 
ever, if parking lots arc located unuer a. line, the rocom^ondf-d 
safe clearances are 17 m for 345 kV linos and 20 m for 400 kV li 
Loiries will require an extra 3 clearance. 

% r ( 

e) O t hers : 

Eences, buried cables,' and pipes are important pieces of - 
equipment that have been investigated for possible danger or dam 
ge when they are located in high, e.s. fields* Metallic fences 
parallel to a line must-be’ grounded preferably every 75 m. Pipe' 
■ 1 ihes-longor than 3.2 km and larger than 15 dm in diameter are 
recommended to be buried at least 31 n laterally from the centre 

, - 1 l 

phase to avoid dangerous eddy currents that could cause corrosio 
Sailboats, -rain gutters in houses, and, insulated walls on houses 
near transmission lines are also subjects of— potential danger. 
The danger of ozone emanation from the transmits ion-lino conduct 
at-high electric fields-can also be included in the category of 
damage to tissues of human beings living near lines. 

M echanism of Generation and Characteristics of Audible Noise.,:.. 

1H7 transmission lines generate audible noise when corona i 
present on the conductors, which is. especially high during-foul 
weather. The noise is broadband extending upto 15' KHz from very 
low frequency. Corona discharges produce positive and negative 
ions in the vicinity of the conductors? . which aro alternately att 
racted and repelled by the periodic reversal in polarity of the 
excitation. This motion gives rise to sound-ressure waves at fi 
quencies of double the power frequency and its multiples in addi 
tinn to the broadband spectrum, as shown in Pig, 3 . , Therefore ,tt 
noise has a pure tone— superimposed on the broadband no iso. Due 
differences in ionic, mot ions in the case of a-c. and d.c* excite 
tions, .d.c. iinps exhibit only a broadband noise, and furthermoi 
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the noise generated fro™ a d.c. line under foul weather is nearly 
the same as in. -fair weather. Since audible noise fro™ a^ransmi- 
ssioa line is. . man-made , it is measured in the same m anner as athcr 
types of. .man-made noises such as a ire raft. .no ise, ignition noise, 
transformer hum, etc. We will discuss the meters used and methods 
of AH measurements in a subsequent chapter* 


Audible noise can be a serious problem from 'psychoacoustics ’ 
point of vi^w, leading to insanity due to loss of sleep to inhab i- 


d&> 

T 



14 ■ 


I r Ac- 
■vj\ n-xe 


■U' 

1 


'2.0° 


J-’ C JL*. 


IOO 


■"t Jp- 


'■f 


Rig. 3(a) Rig. 3(h) .. - 

tants lining close to an e.h.v. line. Shis problem came into fo- 
cus in the 1960's with the energization of 500 JkV lines. Regula- 
tory bodies have not yet fixed limits to-.AH from power lines since 
such regulations do not exist for other man-made sources of noise. 
The limits for AH will be discussed in the next section. 


limits. for Audible Ho ise : 


Since no legislation exists for.-the limit of AH from man-made 
sources, power companies and environmentalists have fixed limits 
from public -relations point of. .view. In doing so like other kinds 
of interference, humen beings must be subjected to. .listening testa 
Such objective tests are performed by every civic-r indad power 
company. The first such series. .of tests performed from a 500.-kY 
line of the Bonneville Power Administration in the USA has come to 
be called Perry Criterion for AH limits. The limits taken are as 
follows : 

Ho complaints ; less than 52.5 dB (A) 

Few complaints . : 52.5 dB(A) to 59 dB(A) 

Many complaints : . Greater than 59 dB(A) 

Design of line conf igurat inn at e.h.v. is no w being governed 
more and more by the need to limit the AH level to above values. 

At the edge of the right-of-way for the line, where the closest 
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•hou'se may be allowed to exist,’ nuisance caused by AN is limited' to 
less than 52.5 dB(A) and will be closer to 50 dB^A) as has boon done 
for the BPA '1150-1200 kV line. The design aspect will be conside- 
red later con# * Thpj v aud ible noise generated by a line is a 

function -"of , 

a) the surface voltage gradient on the conductors; 

b) the number of-.sub-conductors in the bundle ; 

c) conductor diameter; * i 

d) lateral distance from the line to the point where noise is 
to.-be evaluated; and 

e) atmospheric conditions. 

Once again, as in most e.h.v. work, the entire phenomenon is 
statistical in nature because atmospheric conditions are crucial 
for operation at these extra high voltages. 

t 

-While the Perry Criterion is based on actual listening tests ' 

and, guidelines are formed for limiting values of AN from a line at 

the location of inhabited places, other man-made sources of noise u 

do not follow such limits. A second criterion which evaluates the 

nuisance is called the ‘Day-Night Equivalent’. This is based not 

only on the variation of M with atmospheric conditions but also 
« * '“ r 

with the hours of the day and night during a 24~hour period. Tho 
reasoh-ihg' J behind this criterion is that a noise level that can be 

5 v 

tolerated during waking hours of the day, when ambient noises are 
high, cannot ba tolerated during sleeping hours of the night when 
little or ho ambient noises are present. This will.be elaborated 
upon JLater on* l,, - According to tho Day-Night criterion, a 
noise level of 55 dB( A) can be taken as the limit instead of 52*5 
dB( A) according to the Perry Criterion. 



Audible noise.. is caused by % changes in pressure of air .or- other 
transmission medium so that it is- described by Sound Pressure level 
( SP1 ) • . Alexander - Graham Bell established the basic unit for the 
SP1 as 20x10" Newton/m 2 or 20 micro pascals. (2x10~^ micro bar). 
All decibal values are refered to this. In telephone work, we have 
a flow of current in a. nf Vma 
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hasic units are 1 mWacross 600 ohms which yields a voltage of 775 
mY, and current of 1.29 "A. For any other SPL, the decibel value 
is 

SPL(dB) = 10 log f( SPL) yfeox 10” 6 pascals) 1 

This is also termed the ’Acoustic Power level’, denoted by PWL j, or 
simply AN level, AN: 

Consider N sources whose decibel levels are AN^ , ANg, • •••, 
AN^. In order to add these to determine the resultant sound 
pressure level and decibel value, the procedure is as follows: 

We first calculate the individual sound pressure levels from 
the given decibel values thus, 

—5 AN /10 ~5 ANp/10 

SPL 1 = 2X1.0 . IO^j 7 , SP1 2 = 2x10 10 ^ , .... 

'-5 AN-/10 jr ABTjj/10 

- SPL^. = 2x10”- 10 , ..., SPLjj = 2x10 ” . 10 " 

The total SP1=SEL 1 +SPL 2 + . . .+SPL ± + . . .+ SPL^ 

. J AN./10 
= 2x10 ” 10 1 

i=1 

The decibel value of the comhinat ion of sources is 

AN = 10 Iog 1n ( SPL/2x10~^) 

M AN-/10 K 

= 1? Log 10 ^ 10 1 =10 Log 10 g 10 0 * 1 M i 

i=1 i=1 

Formulas for Calculating Audible Noise, and use in Design: 

Audible noise from a line varies with atmospheric conditions 
so that there is no one quantity or AN level that 'can be considered 
as the level. Designers base their results bn two quantities which 
are designated the L 50 level and L^ level. These are defined as 
follows : 

Level: This is the AN level as measured on the A-weighted net- 

work which is exceeded 50$ of the time during periods of rain us- 
ually extending over one year. 

Level; Similar to L^q but exceeded only 5$ of the time. 
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Hi© latter usually is concerned with, heavy rain, such as is 
generated, in artificial rain tests so that it -is very useful in 
correlating with the l^g- level according to some -formulas. Since 
AN measurements were commenced fairly- recently, the., formulas arc 
an outcome of-.no t only the limited number of tost measurements 
available from actual operating lines-, but mainly from 'cag 0 ' tost 
results and short-line outdoor experimental projects. As mentions 
undfer limits for AN in earlier, each power company must evolve its 
own limits since no legislative control exists- 

While many empirical formulas exist (Ref* TESTS Task force 
paper October 1982), we will discuss the use of only ono formula 
here given by the Bonne ivello Power Administration. Other formula 
are 'given later for the use of a designer. The BPA formula is 
applicable for the following conditions: 

a) All line geometries with bundles having upto 16. sub-con- 
ductors of diameters in. the range 2 cm to 6.5 cm, 

b) The AN calculated is the level In rain. 

c) The formula is applicable for transmission linos from 2301 
to 1500 kV, 5 “Phase A-0. 

The formula for AN level of each phase at the measuring point, as 
shown in Eigure ,8m is, (1=1,2, 3): ■; 


and 


m ± = 120 Log 10 B^j+55 log 10 d -11.4 Log^Ih -115-4, n<3-- 

( M 

M i= 120 yog, o E alni +55 . l0 S ,0 d ~1 1 -4 106,^+26 .4 lof^n 

-128.4, n>3 

t i- <*- 6-’ ( p) 



Big. 4 
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Here, E aTTi ^ = average wax imam surface voltage gradient o'h~ ‘bundle 
■belonging to* phase i in kY/cw, 
d = diameter of sub— conductor, cm, 
n = number of sub-emductors in bundle 
and D^ = aerial distance from phase i to the location of the 
microphone, metros. 

When all dimensions core in metre units, the above become 

M ± = 120 log 1Q E mi + 55 Log 10 d m ~11 .4 iog^B ± +234 • 6 ", n <3 

AH i = 120 Log 10 B rfli + 55 Log^d^-I 1 .4 Log^in+ 26.4 I»og 1Q a 

+ 221 .6 , n^3 


Dav -Eight Equivalent Ho iso Level : 

In the previous discussions the AE level of a transmission 

line has been chosen as the D^q level or the value in decible of 

the audible noise that is exceeded for'50%-.of the duration of 
pr_e_c ipitatio.n • This has been, tacitly assumed as the nuisance value® 
However, a more recent criterion which is actively being discussed 
and -applied to ether man-made aE sources is called the ’ • - 

Day-Eight Equivalent ifoise level. This has been applied to air- 
craft noise, heavy road traffic noise, etc. which l j ads to liti- 
gation among many aggrieved parties and the creators of the noise. 
According to this criterion, a certain, sound level might be accep- 
table during the day-time hours when ambient noises will be high. 
But during, the night the same noise level from a power line or : 
oth'-r man-made noise sources could be found objectionable because 
of the absence.. of ambient noises. The equivalent annoyance during 
nights is estimated by imposing a 10 dB(A) penalty. 

Consider an L^q level of a power line to be AE and the day.- . ^ 
time to last for D ( hours. The, actual ’ annoyance ’ level in 'terms of 
t he day -n ight e qu ival e at is s pr c if ie d as 

.. L dn =1 ° Lo ^io 1 24 D*10 M /+ (24-D) .10* Aff+10) /10-j 

The IcjQ level of a lino is 55 dB(A) . The day-light hours are 
15 and night-time is 9 hours in duration. Calculate the day-night- 3 
equivalent. ' 
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Solutio n: * 

I dn . 10 Leg 10 [U ( 15 x10 5 -Wo • )] 

= 10 Log 10 [t0 J> (47.45+284*58)/24] = 61*4 
= 55 + 6.4 cffi('A) 

The decibel adder in this case is 6.4 which has lucre -'sou the 
SEL. by 4-365 times '[ 10 Iog 1 Q 4-365=6 . 4 ] . Tho nuisance value of th 
line has "been increased by 3.4 dB(A) "by add inf;- -the 10 dJ3(A) penal - 
for night hours to the AN value for the day-time level. If the 
day-night hours are different from 15 and 9, a different decibel 
adder would be necessary. 

We also' note that the 10 dB(A) penalty added for night time 
contributes ' 6 times ( 274*53 /47 * 43) • 

In evaluating the nuisance value of AN from o.h.v. pow^r 
lines, we are only concerned about the time duration of rainfall 
and not the total day-night hours. If rain is not present over 
the entire 24 hours but ohly for a' certain percentage of the day 
and night abp.ve a minimum, rate oi rainfall the day-night equivalo 

* t - M *** *. 

will-.be. calculated differently 'from what is given. Let it be 
assumed that the , percentages of duration of . rainfall during tho 
day and night are.p^ and p * 

- . l n =10 Log^f^D.^ ) 10 M/ 1° + ( 24 -D>^| . 10 (Ai'H-10)/l0-j 

<3B( A/ • • 

5xam.pl e 

The following data apply for. a line: 

f >50 level = 55 ®(A) . D=15, P^=20, p n =50. Calculate the day-nigh 
equivalent of AN and DB adder. 


L dn = 10 Log lo[24 15x0 * 22; 10 5 * 5 +9x.,5x10? #5 ] 

. ■ . ' 9,4a.- +' 142.3 ' 

= 58 dB( A) 

The decibel adder is 3 dB ( A) . 

Again, ^e note • that . the night-time contribution - is nearly 15 times 
the dhyrfime. contribution ('142.3/9, 48 ) .. 
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la the- above equation, it was assumed. that the I^ 0 levels for 
both day ana night were equal, 'if this is not th? case, then the 
proper values must-be used which necessitates very careful experi- 
ments to be performed on long-term measurements relating rate of 
rainfall to the AN Ic-vel Su-ch experiments are usually performed 
with short transmission lines ovr>r a ground or in 'cages'. 

Same. examples- of AN levels from e'HV Lines ; 

It might be Informative to end this chapter with data of the 
performance of some line designs in the world based on AM limits. 

1. The 33 PA has-fixed 50 dB( A) limit for the l c ,- noise level 

50 

at 30 m from the line centre in rain for their 1150 kV 
line operating at 1200 kY. This was based on experience 
gained, from the 500 kV lines upon which Perry established 
the limit criterion, v ' 1 

. 2. “The ABP, UHY Project of the BPRI, and other, designs- fall 
very close to the above values*. 

• , ~ ' * 

3* Operating 750.. kY lines of the ASP gave 55.4 <333 (A) at 760kY. 
At their Apple Grove short-line outdoor project, the" value 
obtained at 775k V was 56.5 dB( A) , proving that short-line 
data can he relied upon to provide adequate design values. 


4* The Hydro -Quebec Company of Canada gave the f ollo.wingycal- 
culatod AN levels at 30*5 metres from the line centre. 


Voltage 

-7-45L kV 

735 kY . 

_5_25 . kV 

735 kY 

525 kY 


; , 4x1.1651' 

l (0.C296 m) 

4x1.2" 

2x1 .602-’ " 

4x1 .382-' ' 

3x1 .302-'.' 

Size 

(QS395 i") 

( .0407 m) 

( .035-1 m) 

( .0331 ") 

Bundle j 

18-” 

18" 

18' 

18 ” 

18” 

S-b.ac ing 5 
Phase v 

( .4572 m) 

. 41 1 

45 * - . 

-■34-’ 

50 » 

34*- 


( 1 2.50 ‘ 

. (13.7 2m) 

( 10.37m) 

(15.25m), 

( 10.37") 

AN level. 

d£or 

I : 60 

- 58.5 

57 

\r 

55 

52 


S 


I 



PROBLEMS ARISING PROM QT ERSgEMIl'Xg _ M£-QjSMQliIAQJE£_ 

In this lecture the nature of problems caused by overcurrent 
and overvoltages will be described.. l 




a) Overcurrents are generated by short circuits in th system at 
due to lightning. 

b) Overvoltages are the result of switching operations, lightning 
and resonance conditions. 

These are disturbances to a system that rust be either romoi 
or suitably protected against. 

The following topics will be described here. 


1* Short Circuit Current and the Circuit Breaker. 

2. Recovery Voltage 

3 . Interruption of low Inductive and Capacitive Currents. 

4* Overvoltages on Energizing EHV Linns (Closing and Reclosing) . 
5 , Eerro -resonance conditions. 

1 • Short Circuit - Current and the Circuit Breaker 

Consider a simple system with 2 generating areas and 
connected through 2 lines and feeding a load, Figure 1 ( a) . Trans 
formers are also included. Let a short -circuit occur at the loa< 
bus, necessitating the breaker S -to open to isolate the faulted 

bus* The questions are what are the stresses on the breaker 7"? 

\ 

,The single-line diagram, neglecting all resistances, is shoi 
in Figure 1 (b). Usually, the introduction of resistances will- 
change current values by not more than 3 percent. The a.c. comp< 
nents ox short circuit currents fed by- the, twp generating areas i 





+^,+0.5.^ 


and i„ 


Z g2 + ^2 


For simplicity in developing the main ideas, we take Y--j 
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In modern highmspeed • c-ircu.it breakers (2 cycle) contact’s 
'separate' in about 30 to 40 milliseconds (mg.) after initiating the 
s-c, which is governed by the operating time of the protective.* 
system. This fimor i^ slightly longer than the suhtran*s,ient time 
constant T H of small and medium-size generators and is nearly 
equal to that of large turbo-alternators . Therefore, in general, 
the reactance used is the transienb reactance X l d * For calculating 
the first peak of - s-c. current , the reactance to be used is approxi- 
mately \ X-’v. In terms of the rated power of tho generator, the 
O c *- 2 2 

generator reactance used is - X^ = X’ d * V jT? 9 where V /P is the 

base impedance and X’ d Is the per unit value. For turbogenerators 
of 500 MV A rating, X‘> d = 0.2 p.u. and X» d = 0-3 p.u. ■ For 1000MVA 
sets, these will be--. close to 0*3 and 0*45- p.u. respectively. For 
smaller sets, they may be approximately 0.15 and 0.2 p.u. respoc- 
t ively . 

O 

For transformers, X.}. = v /P^, Whe re ^ is the p.u. value^, 
is the transformer rating. .Usually, P^ = P^ for unit-connected 
sets and for ehtire stations .... Typically, p^. =‘0.‘10 to 0.15 p-u. 

. 1 ' For lines, the ohmic values of positive-sequence- quantities 
are given below for estimation purposes only. 


System Voltage 

. 220 kV 

lao-kv 

- 750 kV 

Ho . of conductors 

1 

2 

4 

Lj, mH/Km - j. , . 

1 -34 

1 .03 

0.875 

R.j , m-ohtn /Em 

80 

30 

15 

C ^ , nF/Bm 

9 

11 .75 

13.5 

Z.j, ohms 

380 

300 

JL «» 

265 


In practice, X’ d + P^. 0*5 which gives an estimated current 

of twice- the rated current through the .high-voltage winding of the 
transformer. 

, ( v j 

For 1 very, high voltage breakers'- the new I.E.C. (international 

, ss 

Electro' 1 Technical Commission) recommends tho specification of 
current rating and not > the short-circuit power rating# This gives 
more information to the designer of the breaker and the system 
engineers. r ’ ■■ 
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When the d-c' component is included, the total s-c current 
will be ■ ' 

i = — [eos(wt-0-6) -cos(^+6 - ) *e ] 

f (R+X ; 

■where tan 6- = X/R and T 1 = X/2%* 

The variation of s-c current with full d-c oil sot. .is shown In 

Riga re 2. The I.E.CJ. recommends a time constant T’=45mc. As an 

example, consider a 400kV system with a generation of 2000 KVA. 

The normal current is- 2-.8 KA and the s-c current will bo about 

6kA, r.m.s. The maximum interrupting -current of the breaker occui 
. taAs.v', 

1/2 cycle ^when its value is 

h = V 2 (1+=" 10/45 ) = 1-8 If 2 V 3 

Bor the above case, 1^ = 1.8 f2 x 6 = 15*3 KA* 

It m'ay be of intrest to’ note that air-blast circuit breakers 
are avial'able for 80 EA-.and SEg breakers for 90 JCA. This shows 
that a system engineer must keep s-c levels down to what currontlj 
available circuit breakers can handle. In 400 kV networks this 
maximum is 40 KA. 

«- * 4 

. . , It is evident- that the d-c component must decay fast in ordei 
that interrupt ion '.might take place at the. first current &oro.' 
Since contact separation occurs 30 -to 40 m S (il to. 2 cycle) of ter 
fault initiation, the d-c component decay with 45 ms time co ns-to.nl 
ls-.adeq.uate to bring,,- it down to about e ^/45 _ percent of maxi 
mum value and a current zero can occur. 

S ingle Phase Short Circuits 

80 percent of all.-faults in a system are single phase. How- 
ever, the s— c current magnitude, recovery voltage and the stresses 
on the breaker are; Id we r than for 3~pbase faults. ' Even though 
3~phase^ faults occur in 10 percent of the cases, tho circuit brea- 
ker has to be designed for this tyro of fault. 

The ratio of currents for these two typ^s of fault is 

Whph = 5/< 2+ w> 
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where ,X 0 , X^--are the zero-sequence ana positive -sequence reactances 
of the system u-ptp the fault. When the neutral is solidly groun- 
ded, X /X 1 'w-; 2, L so. that the single -chase 1 fault gives 75 porcont of 
the s-c current, under a 3-phase fault. 

Delayed Current Zero 

then faults occur very close to largo power stations, (grea- 
ter than 1000 HVA) it is very difficult for s-c currents to pass 
through zero quickly b" cause the line reactance is not present. 

This is a severe condition on the breaker on tho h.v. side of the 
generator-transformer . However, the arc resistance usually contri- 
butes on an arcing fault to aid interruption. 

For generator breakers, the s-c current is higher than on the 
h.v-. side of transf' orders usually by one order of magnitude^. In 
order to interrupt, say, 100 KA, air-blast breakers- with a higher 
arc voltage are preferred to SBg breakers in order to bring about 
o , current zero. Breakers with multiple interrupters are also used, 
to further increase the arc resistance. 

. In addition to 'interrupt ing the s-c current, the breaker has 
to withstand the -recovery voltage across its separate cL contacts. 
This voltage can, have a single frequency or can contain multiple 
frequencies, depending on the connected network. For single-fre- 
quency circuit, it can be written as 

. V-g = f 2 V.k. (cos wt - cos w Q t) , 
where w Q = 2% fo = 2wX natural frequency, 

and k = constant, tha[t _de pends, on the type of fault and the 
connected network characteristics. 

Previously, an amplitude 1 factor giving the -ratio of peak 
value of T a and the.. -power-frequency voltage pe-ak was ' u'sed,' but the 
recent I.B.O* recommendation covers only the peak, value of the 
total recovery , voltage including the h-f component o,r oomponents. 

The rate .pf rise o.f recovery voltage' determines the ability' 
of the qupaching medium to , . interrupt the arc, s’ince ‘the rate "of 
rise of dielectric, strength' must axceed this 'RKRV. Phis has 'given 
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5 

rise to great controversy in Indian system, since I.-E.C. roco^nn j 
dations are considered too severe to be applicable to Indian system! 
with longer lines and lower natural frequencies of th- connected ; 
system. The initial rate ox rise of .transient rocov^ ry voltage ; 
(IIRV) has oscills-t ions on it caused by extensive interconnect ion 
of linos, transformers, and generators, so that it is a matter of 
confusion as to how this is to be determined. These oscillations 
. depend further on the type of fault (-1 -phase, 2-phasc*, 3 -phase, ./ 
with and without earth) and the system grounding (solidly earthed, 
isolated, or .earthed through impedances)-. All those have ,-m effect 
on the power-frequency and transient component (h-f) of the reco- 
very voltage. 

In so far as determining the characteristics of the recovery 
voltage, two types of faults are considered ( i) the terminal fault, 
and ( ii) the short-line fault. 

Terminal faults (IF) 

These involve the maximum s— c currents, and as mentioned 
earlier, 3-phase terminal faults yield highest s-c currents and 
consequently the most severe recovery voltage. 

.. In a 3-phase fault, if the c ircu it -breaker contacts have a 
•time-delay in opening, the first pole to clear experiences the 
highest recovery voltage. By the time the second pole clears the 
current, the power-f requency recovery voltage has decayed in the 
first phase since the transient component usually has a fast decay. 
Bor an unearthed 3-phase fault the first pole to interrupt may 
experience a peak recovery voltage of between 150 to 200 percent 
the phase voltage after interruption. On the other hand, for a 
3-phase fault involving earth, it is 1.5 (X Q /X^/t) .5+X /X^ ) * 

Short -line Fault ( SLF) 


In this-, type of fault, th-.-re is a short sect ion of 1 ine (usua- 
lly 1 to 2 Em) between the breaker and fault location. Reflections 
arriving on this line are superimposed on the source voltage giving 
rise .to highest recovery voltages as shown in Figure 3 . Here, the 
source-side voltage has nearly the same characteristics as for a^ 
terminal-fault • In many breakers the interrupting capability and ■ 

A 1*3 linn v nwn wi n _ . . ...» . -» * . *1 jl. 
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"It caa "be shown, that the highest rate of TRV in the case of ~ 

;he.. short ml in-@-'-f halt' becuri when tho faulted phase is the last to 

jlear on a single-phase to earth fault when all 3 poles are set to 

>pen. Time delays "between opening of poles cannot "be avoided 'if 

;ircuit br-r-akers are poorly maintained. 

* 

The stresses in a circuit breaker can be reduced by connecting 
resistances or capacitances, in parallel which reduce both the TRY 
and the peak value of transient voltage under very high s-c curr- 
ants* Resistances are usually preferred for air blast breakers 
and capacitances for Sfg breakers. 

j efinition of Recovery Voltage (Transient Component) 

’ a) 2^-p ar aw e t e r def in it io n 

-Tho transient recovery voltage used to be defined through 2 
rarameters: ( i) the magnitude, and ( ii) the rate of rise. 

' b) 4— parameter def in it ion 

With large interconnect ions in a system., the 2-parameter 
definition has been superseded by the 4-parampter definition, which 
is shown in figure 4. These are V^ , V , , t 2 (or The 

initial time t^ is usually equal to twice the travel .time of the' 1 
*rave ;on the shortest .connected line. 

The capacitance of the grounding-grid system also' helps in 
3o^e measure to keep the initial rate of rise lower than whe n it 
is neglected. 

The I.E.C. recommendations for' type tests/on these two types 
Df faults are given below: 


Terminal fault 
~~TW] — 


first Pe ak of V-P .Ui. dY/ dt 


10% 

Gurrent 

1 *95 

or 

5kV/ 


, 

2.25 



30% 


1 -95 

or 

5 ■ 



2.25 


* 

60% 

* v >* 

1 *95 

or 

2 - 



2.25 

- 


100% 

i 

1 .82 

or 

1 ' 



2.1 






Revision 

5.5~12.6kVAis 

5 

r 3- - 

2 
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First Peak of Vp P.J. dV/dt Env ision 
100#*- . 1 *82 or 1*2 



As symmetry 

2.1 


Single -phase 


1 -95 

2-5 and 



or 

5-5 

* 


2.25 


Short -line Fault 

60 % current 

0 .64 

6 

(slf) 

90% current 

0.16 

9 

Z. OVERVOLTAGES 01 

CLOSING QR RE CL 03 Ilf G- 



Overvoltages caused, by switching operations might nxcc'.d the 
insulation level of lines and equipment and cause flashovors. 

Some measures taken to minimize theso overvoltages include 

(a) insertion of series resistance at the source when switching, 

(b) surge arresters, ( c) draining of trapped charge on lino with 

inductive potential transformers, shunt compensating reactors, or 
power transformers, ( d) closing the breaker poles, at the instant 
when the Source voltage is passing through the same polarity as tl 
trapped charge. . : 

* < 

formally, the highest overvoltages, occur when unloaded B-H.V, 
lines are energized or re-enorgized from an infinite sourco. 

The switching overvoltage consists of high-f requrncy transient 
component superimposed on the power-frequency voltage. 

Consider a 3—phase generating station shown as the voltage 
T s in series with a reactance Xg energizing a lino of longth 1, 
surge impedance Z = fl/G, where 1 and C are the distributed in- 
ductance and capacitance par unit length. For simplicity, ground' 
return effects are neglected,. ' * -• 


The initial voltage on the line is zero whon the circuit- 

breaker S is open while the final voltages due to Ferranti Effect 
will be 

B ^ rance voltage ; \ \ cos al/(coa al- % sin al) 

Open-end voltage : V Q = V s /(cos al 1 sin al) 

Here, a = 2af tfHo, \= wave length at power frequency ( = 6000 Km 
for 50 Hz) . ct'-a 2-T f)\ . ' 


... BIS, 3 5 


The ratio Z/Xg is defined as the short-circuit power Pg.^ 
of ..the supply to the system. 

As an example, for a 2000 MVA 400- kV source with Xg = l.p-.u,*, 
energizing a 300 Km lino with Z=320 ohms, Xg = 400 2 /2000 = 80 ohms, 
and Z/Xg = 4* Also, 2'fll/A = The Warrant i Effect gives 

V = 1.14 p.u. and-V 0 = 1.09 p*u. The surge— impedance loading is 

O Q 

SH = 400^/320 s 500 .MVA, and tho short-circuit power is P__ = 

4 x 500 MVA = 2000 MVA, which is equal to the source rating since 
Xg = 1 p*u. 

When a line is initially energized, it has no- trapped charge, 
but when it is reclosed after clearing a fault, the healthy pha- 
ses retain a trapped charge. In practice, the overvoltage at the 
open end when closing on a trapped charge exceeds 3*5 p.u., while 
it is between 2 and 2*8 p.u. without trapped charge. However, 
during single-polo reclosure, trapped charge is not present since 
only the faulted phase is energized.” ’ In e.buv. systems, tre.pped 
charge is very rarely present since shunt compensating reactors 
at both ends help to drain the trapped charge. 

Further- di£ f iculties are encountered when the three ^polos do 
not close simultaneously. This time delay is about, 5 ms 'even in 
breakers that are properly maintained. When the first breaker 
pole is closed, capacitive coupling places a voltage on the other' 
two phases which corresponds to about 20% normal trapped charge 
due to mutual capacitance. The other polos now close on this 
trapped charge. Although non -synchro no us closure appears to yield 
higher overvoltages than with simultaneous closure, in certain 
cases, other factors chiefly ground-return currents might actually 
keep the overvoltage down. Under synchronous closure, earth-return 
effects are not present, as has been verified from model studies 
by the- author. . . 

Interconnect ion of the system with more than one generating 
station yields lower switching-surge magnitudes; however, one must 
be prepared' for the worst. _ ■ 
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4. LIMITING OVERVOLTAGES 

- Overvoltages have, been shown to consist of tho po wo r-froquency 
component and a h— f component • In order to limit tho steady —state 
po we r-f r e qu ency component, shunt compensating reactors arc used in 
e.h.v. sysiems at both ends of a l n ng line* These olsn arc beno- 
-ficial from switching operations as has been mentioned earlier. 

When no compensation is used, the ratio of far-end voltage 
to the entrance voltage is V 0 /V g = 1/cos al • But with compensating 
reactors provided at both ends, and neglecting resistances, the two 
voltages are: 

V = (cos al + sin al) 
e X R 0 

V o = Y s /[(1+2X s /X r ) cos al + ( Z/X^+ZXg/X^-Xg/Z) sin al] 

The travelling-wave or transient component can be reduced by 
the following schemes: 

Reduction o f Transient or Travelling. Wave Component 

(a) When pre-insert ion 'resistors are used, part of the total vol- 
tage appears across the resistor which reduces tho voltage being 
fed to the line. The resistance is nearly equal to the surge im- 
pedance of line in most cases and is short-circuited or shunted by 
an auxiliary breaker after a pro-set time, of nearly 1/2 cycle. 
However, the optimum time as 'well as the opt imum. value for this 
pre-insertion resistor must be ascertained from model studies on a 
Transient Network Analyzer or by Digital Computer calculation. Th 
maximum’ value of switching surge overvoltage in this scheme occurs 
at the instant the series resistance is taken out of circuit by 
t he aux il iary b r o ake r . 

The optimum value depends upon ( i) line lengths, ( ii) the 
series reactance behind the line, i.e., the short-circuit power 
of the source, ( iii) the degree of line compensation, ( iv) the 
insertion time of the resistor, and (v) the surge impedances of., 
the switched line as well as any connected lines. Since the numbe 
of connected lines can, change during the switching operations, a 
value higher than the optimum value is usually selected. 
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(.b) The single -res is tor scheme can bo modified to two-stage or 
multi-stage closing resistors. This mak -s it possible to insert 
a higher resistance in the beginning and then lower this value in 
steps . 

( c) Draining of trapped charge- by shunt compensating reactors, 

and inductive p.t.’s. Transformer-term in a lines remove the 
trapped charge, but there are serious problems of resonances 
caused by the non-linearity of -the izat ion characteristic 

when switching in. These have to be investigated in any part i- 
cul .or s it u at ion . 

( d) Re closing circuit breaker on a line when trapped charge is 
present at the instant when the polarities of voltage on both 
sides of the breaker-contacts are the same. Such schemes reduce 
the overvoltages down to 1.5 p»u. 



These occur when a normal disconnection of an equipment is 
made. Overvoltages occur by premature reduction of current to 
zero when low inductive currents are interrupted. Certain types 
of breakers use the arc current to - uid the flow of arc-extinct ion 
medium and therefore the interruption will not take place at low 
currents. Examples of low inductive currents are given below; 

Transformer on no load *. : 2 to 5A 

Reactor-loaded transformer; 400A r . 

High-voltage reactors ; 100 to 200A 

X A 

The overvoltage magnitude is.. usually an interaction between 
the circuit breaker and the system. 


figure 5(a)— shows a source-line-inductive load such as re- 
actors, transformers, or motors. When the switch is opened, an 
arc is produced and when approaching current zero, it oscillates 


hecause of discharge of^ 

= 27i;[-k( C.j Gg/CJ^+O^) ] 2, 


tend C 2 through the line with a 
which is-. equivalent to and C 


frequency 
, is 


series with 1. The arc— quenching medium may blow the current out 


causing ’current chopping’. 
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The .ciiop-oc.d- current now flows through the land induct unco 1 

' ' . j, r\ A O .. - ™ - & 


1 Y 2 q 


' 2 -1?2' a 


2 / 


It oscillates at the 


V 

i- (1 0 C 0 ) 1T which is usually 200 to 400 Hz 

O TT ' > y ' 


The s to rod energy; isfp i. 

natural frequency f 2 '~ 2n VJJ 2 w 2 y 
for a transformer on no load end. 1000 Hz for a shunt reactor* 

Maximum voltage occurs when all this energy is stored in the 
capacitance C 2 * 

2 


7 


2m ax 


V c 2 + Va 


g iv ing 7 


2m ax 


1 1 

r T7 2 , , 2 ZZ - ,2 

i- V a + x a C n i 


On the source side 7. builds up with frequency = ^(L^C^) 
which is between 1000 and 5000 Hz* 


ll 

2 


If ± a is relatively low, Y & = V g an( ^ no ovcr ' v °i-ti*8® occurs. | 


If the current, is.. chopped at the peak value, 7 & = 0, and ^2max = 
With modern grain -oriented laminations in h«v. traas- 


~a 1 2' v 2’ 

formers because of low saturation, overvoltage is reduced. Whoa 
no-load current is chopped, the following average overvoltage 
factors may be expected. 



1 lOkV 

220 kV 

400 kV 

750k7 

f.u- 

3 

. 2*5 

1 * 8 

1 .2 


Reactor-loaded transformers yield similar over-voltages. 
Isolation of shunt reactors with 100 to 200 A and having a surge 
impedance of 35K to 65K give an overvoltage.! actor below 2.5 * 

The chopping current in most cases is 20A, maximum. Both surge 
arresters and series breaking resistors lower those voltages 
cons ide rably. 

6 - mggfiP^IQil O?,,, CAPACITIVE msmm 

When lin-s.are droppad or capacitor banks aro switched off, 
overvoltages are generated. ' Consider Figure, 6 where the line is 
represented, by a lumped capacitance Before interrupt ion, 7^ = 

V Aft6r tl10 current is interrupted by 'the breaker, C p remains 
charged to ? 2 = V g V2/f3, the peak of the source voltago. However, 
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the source voltage changes its value on the power-frequency 
3 ±£&: wave and so™© oscillation due to L^,C^. The breaker voltage 
is consequently, 

V^ = V g ^ (1+k) . Usually, k>1 . 

?or k= 1 , the breaker voltage* is twice the peak value of source 
voltage. If the insulating ^ a d ium has not gained sufficient diel- 
ectric strength, the arc m ay restrike and connect the line back to 
bhe source. The phenomenon is just like energizing the line with 
a trpped charge’ equal but opposite to the source voltage. A ©urre- 
it will therefore flow in the line through the breaker. The cir- 
cuit is onterrupted again at the peak value of voltage and the line 
bolds a negative voltage. There might bo renewed restrikes causing 
switch failures. 

It is therefore evident that restrike-free breakers are**ess- 
sntial. Modern SFg and air-blast breakers meet this requirement, 
jines- having shunt reactors cause lower frequencies of oscillation 
and they may aid in proper interruption. But here also restrike- 
free interrupt ion is necessary. 

Capacitor banks also cause the same stresses on the circuit 
breaker. 

7 • FERRO —RES OHM CE OVERVOLTAGES 

Partial resonance conditions occur in power systems when, 
unbalances occur so as to place capacitances in series with induc- 
tances. Examples of this type are shown in Figure 7(a) where a 
3 -phase transformer is fed by a long cable from a substation. 

Under normal operating conditions, the cable capacitance to ground 
is energized by the phase voltage and the insulation will withstand 
bhis voltage. However, suppose one line is open such as occurs 
when a fuse blows or-*when circuit— breaker poles do not act synchro- 
nously but one pole makes much later than the other two. The equi- 
valent circuit is shown in Figure 7 -(-b) from which it may he noticed 
that the cable capacitance is in -series with the transformer induc- 
tance in the open phase. * If the cable is long and Its capacitance 


high., the resonance frequency may 
g Ives rise to full resonance* fh>* 
open is shown in Figure 7(c) » 


approach power frequency which 
condition when two lines are 


On account of the high voltages, cither the c-ble or the 
transformer or both may suffer damage to their insulation. In 
general, the magnetization curve e£ the transform r works on tho 
non-linear portion so that a mathematical analysis presents 


difficulties. But cither a s?ri-s .aporoximat ion to the 
or a step-by-step graphical analysis is possible.^ 

X X 


B-H curve 


- Experiments have shown that grounds a-wyo -nrimary winding 
permits longer lengths of cabin than any of tho other possible 
connections such as delta or ungrounded ~T, because the three 
phases arc essentially isolated fr;m each oth r. I'urtV rmoro, 
working the transformer on the linear part of its B~F curve also 
is less dangerous, than when tho flux density is on tho rmn-lin. at 
portion at the working voltage. Remedies such an switching a. 
transformer with-.a 5 percent resistive load have also been suggos 


ted. 



L II1B -PARAMETER G ML CUL AT IQ ITS WITH GRQUIID 
This chapter will cover the following topics : 
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1. Calculation of conductor resistance with skin effect 

2 

2 . line I E losses and temperature rise of conductors 

3 . Properties of bundled 'conductors 

4 . Inductance calculation with ground 

5. Capacitance calculation with ground 

6 . Resolution into sequence quantities 

7 . Modes of propagation on 3 ~pbase- lines 

8 . Ground-return resistance 

9 . Groundrrreturn inductance - - 

1 Q » Maximum surf ace-vol fcage gradient on conductors and corona-incep- 
tion gradient. 

Section 1 : Resistance of Conductors and Skin Effect 

Conductors used for e.h.v-. linms are usually ACSR but with 
high tensile strength aluminium available, ACAR is becoming increa- 
s ingly common. The space occupied by steel in ACSR is taken by 
aluminium in ACAR. When steel is used, due to the high permeability 
and inductance y no current will flow in it. In ACAR, current flows 
in the entire metal and more current can be used. 

If n s = no . of strands of Al, d g =dia of each strand., and 
^ a =spec if ic resistance of AL, the resistance per kelometre will be 

-fc * 

E = p a . 1 .05X10 3 I | x -U x n = 1333 p a /(<i s 2 a e ) , oh". 

d g s 

The factor 1 .05 accounts for the twist or lay which increase the 
length of the strand by 5 $. 

Tables I, II, III provide some relevant data. 

I&xam-ple l; a Drake conductor 1-1 08 * T dia has AL sectional area of 
795,000 circular mils. Stranding is 26' Al/7Fe. Its resistance is 
given as 0.0215 ohm/1000’ at 20°C under DC, and 0.1284 ohm/mjle at 
50°C at 50/60Hz. 

1) Take — 2.7 x 10**^ ohm— m at 20°C and temperature -res ins- 
tance coefficient = 4.46x10 >/°C; check the values of resistance' 
given. 
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2) Find 6 jo increase in resistance due to skin effect. 

— K. 

Solution : We assume that steel strands' do not car^y current y 
Then, for lOOlffeet of conductor, strand length is 1 -05x1000/3.28 
metres . 

To convert circular m ils to square. metros: 

1 inch = 1000 mala, 10 S circular mils = ^ sg.* in* 

. 0-79x10 6 cir-mil = 0-795x~ x 2&-4 2 xlo“ 6 m 2 

4 -6 2 

= 402.83x1 0 m 


1 ) 

2 ) 


p _ ? 7y1n ‘“8J -Q5.x1QQfl IQ 

"dc “ ^ WX1U x 3.28 402.83 


= 0-021 46 ohm. 


1+4-46x10^x50.. 


a + qn°r< P _ ixanau a..j. ,v. ... 

At 50 0, V &50 - 1 + 4 . 46 x 10 ' "5x20 20 

R 5q = 5. 28x1. 123x0 .02-1 5 = -1275 ohm at 1C 


% increase 


due to. skin effect- = 


0-1275 


x100=0 -7 1 1 /.- 


This is less than 1$. ¥e have assumed that all strands car] 
current equally. 

.Resistance ■ of conductor manifests itself in e-h-v. lines in 
the following .forms: 

(1) Power- lossj (2) Reduced curve at -carrying cauacity of conduci 
in high ambient —temperature regions.- This is particularly severs 
in north India in summer when the temperature reaches 50°C in the 
plains . 

3) Conductor resistance governs the attenuation of travelling wa 1 
due to lighting and switching, as well as radio— frequency wave 5 
generated by corona. Rfor lighting, the resistance is commuted at 
l 00 --KHz, for switching from ’200—2000 Hz, and for radio interfere! 
from 0.5 MHz to 10 MHz. 


S MS-Bffect in Round Cohductnr.g ... 

r * 

The increase in- resistance in stranded conductors duo to sk 
effect is analytically difficult to determine. It-. is easier to < 
this at thejnanuf actuals plant by a simple,. experiment . For rom 
conductors! analytical formulas are available using Bessel Funct 
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The-, ratio R ac (f) /R^ c has been tabulated or given.- in graphical for ” 1 
by the N.B.S., Washington. The controlling parameter is. x= = 

0*0 636 ft /R^, with R Q =d.c. resistance of conductor in ohm/mile. The 
expression for the resistance ratio is as follows: 


8 


Let B Qr (x) = 1 


2 2 .4 2 


+ 


2 2 o4 2 J6 2 *8 2 


B e i< x) 


X 


6 


2 2 .4 2 .6 2 


x 


.10 


2 2 . 4 2 . 6 2 . 8 2 . 10 2 


B er' (l) = h IV 1 ')! B ei>( s > = df 


E ac (f) 
Then,- -|p 

R dc 


if ) 


B er (x) ' B ei' U) ~ B a i ( ^' 


[B er (x )] 2 + [B ei '(x )] 2 


When using S'. I. units, 1 - 1 ,59x10~^ % c =R 0 / 16 lO, oh™/" 1 


Exam-pie : A rouhd--copper conductor 0.5 ” dia (7/0, 12.7 mm dia) has 

f' c = 1 .7x10”* 8 ohm-m at 20°C. Calculate R^/R^ as a function of 

frequency from 100 Hz to lO^Hz on a logarithmic base. 

3 ~ 

Solution : R = 1 .7xl0~ 8 Q - 0 3— =0.216 ohm/mile 

0 | x 12.7 2 x10^ 


VR q = 0.465 , 0.0636/fR o = 0.0137 


X=0.0l37Vf 

®ac^dc 


100 300 600 
0.137 0.237 0.335' 


1000 3000 

0.4325 0.749 


6000 jlO 4 • 

1 .06 it .37 " 


.37xt0 5 .4x10 4 .3x10~ 4 .8x10 3 1.0017 


1 .0066} 1 .0182 


3x10 4 

6x1 0 4 

10 5 

2.37 

3.35 

4.326 

1 .1 48 

1 .35 

1 .8 


(The increase in resistance is not as much as what is” felt to be 


the case by engineers working with electrical machine slots!) 

geg.t.ion Z 2~K Heating Loss arid Temperature Rise 

The combination of- solar irradiation and I^R heating in summer 
raises the conductor temperature beyond the maximum of 65°C allowed 
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"by Indian Standards. At an ambient of 48°C, even solar irradiatio 
alone can raise 'the temperature to 65°C so that no 16 ad- current 
can -he pus-hed in the conductor. In a Moose conductor of- 3*18 c® 
dia .(-used for 400 kV line) if 75°C are allowed as maximum by im- 
proving Indian aluminium, a current- -of 600 Amperes can be trans- 
mitted at 48°0 ambient. This is almost the. full- load current 
used- in UPSEB 400-kV line. At 20°0 ambient,- for 65°C and 75°C 
maximum, the current-carrying capacity is increased to 900 A and 
1100A respectively. 


Average values of conductor resistances- used for different 
2 

voltage levels and I R loss per Em for transmitting different 
amounts of power at 1 .0 power factor are given below. 


gjrsrtem k¥ . 

4m' 

im. 


urn 

Resistance yfo/g® 

0.031 

0.0136 

0.0036 

0.0027 

Power Transmitted 


f Ew. 


' 1000 MW 

195 

24.2 

3-6 

2.04 

2000 

780 

97 

1 4-4 

8116 

5000 

r 

4875 

605 

90 

51' 

1 0000 

■ 19500 

2420 

360 

204 

20000 

rr t . ~t 

78000 

9680 - . 

1440 

816 


It can be observed that there is a vast reduction- in loss/K® 
as system voltage is increased for transmitting the save amounts 
of power. These are based on the following equations: 

Ourrent I = P/(V3V), Loss=3I 2 R=P 2 R/? 2 

When P i* in 'Mw, V i n k\,. R .14 ohm /Km* the loss in Ew/Em is 
(? 2 R/7 2 )10 5 . 

If line length is L, then total loss = P 2 'r1 10 5 /¥ 2 '*Ew 

= P 2 Rl/¥ 2 Mw. 

‘ * Efficiency of transmission ^ = 1 00P/( P+P 2 HL /V 2 ) 

= l00/(1+PfiL/V 2 ) , % 


Te mperature Rise 

¥heh current flows in a conductor and its temperature has 
ic ached the steady, state , the- heat 'balance equation is 



p 

( Internalize at developed by I R+Bxternal heat due to solar irra- 
diation) = Heat lost by (convection to environmental air + radia- 
tion) » Let ¥■£, ¥ g , ¥ c , and W denote these four quantities per 
metre. 

2 2 ~ 

1) I R heating ; ¥-^=I R^, watts /motre- of conductor where R^ 
resistance p-r metre at maximum temperature. 

2) Solar Irradiat ion ... ; ' W g = d^ * s & # I , per metre 

whore d m = diameter .of conductor, metre, 
s a = solar absorption coefficient, 
and I = solar irradiation intensity, ¥/ m 2 . 

The maximum solar irradiation intensity is in the neighbourhood 
of 1-1.5 KW/m 2 in July at Delhi at noon time. 

The solar absorption coefficient s„ = 1 for well -weathered old 

ci 

conductor and 0.6 for new conductor. 

3) dQdye ption JLq£&^._J Q 

W = 5-73 fv v ni / d^'./vt , watts/m 2 of conductor. 1 metre-length 
of conductor has an area of (tc d^jsq.m. 

Per mr*bre length, tho convection loss is 

¥ Q = 18-/ p . v^ . d m . & t , wat ts /™ . 

Here, p = atmospheric pressure in atmospheres 
v^ = velocity of air in m/s 

and £t = temperature rise of conductor above the ambient tempera- 
ture in °G. 


4) Rad iat io a lo ss , W z 

This is given by Stef an-Boltzm a nn equation 
w r = 5 *702x1 0 - * 8 - e (T 4 -T s 4 ), watts/m 2 , 
where e = relative emissivity of conductor surface 

= 1 for black body, 0.5 for oxidiaed A! or Cu. 
T =s conductor temperature in °K, 
and T = ambient temperature in °E. 

dL 

fho radiation loss per motre length of conductor is 

¥ r = n d^ w r = 17.9 x 10“ 8 e(f 4 -T a 4 ) d^, watts /m. 
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The heat- balance equation now. becomes 

I 2 R^+V s a * I s = 18. &t. 17.9x10 


-8 



5 sample? 2 s A 
ductor 0.0318 » 
diation^ p = 1, 

( 5QOA/conductor) 
ohm-m at 20° 0. 


400 -kV line in- India uses. a 2 -bun die ’Moose’ con- 

dia, each. Take T n = 40° G and neglect solar irra- 

V - 1 w/s. a = 0.5. load current- = 1000 A/phase 
v rn ~ ' 1 ~ . ’■ ' 2 

. Area of 'each conductor 515*7 TTW , ("" a = 2.7x10 

Calculate the final temperature of conductor. 


Solution ; Assume final tf m poraturc to ho t^ . 


■o' 5 7t1a "8 i±0.*_QQ45^tf . — i — -v = 0.48x10“ 4 (1+O.0O45t^>) 

K = 2/7x10 1+0.0045x20 515*7x10-6- u ‘ 4OXlu v ‘ f 


I 2 ^ = 12 (1+0.0045t f ) per metre- of each donductor at I=500A 
W =18 fT^'.03l8 (t f -40) =3*21 (t f ~40) 

W r = 17-9x0-5x0.0318 (T f /100) 4 - 3*13 4 ) 

= 2.845x1 o"" 1 [(273+t f ) 4 /10 8 - 95*95] 


The equation for . t^ turns out to he 

12(1+0-004 5 t f ) =3*21 t f - 128.4 + 2.845 ( 273+t f ) 4 x1 0~ 9 ~27 .3 
or ( 273+t-f) 4 = (589-5-1 1 .28 t f )10 8 

j O > * 

A trial and orror solution gives t+t44 » [x R^* 14*38, ¥ » 12.84, 

W r = 1 *44 for t f r 44 ] ' 

Rote ; At 40°C, taki ng solar irradiation contribution to add 
10 watts /m, t^ = 45«5°C. 

o 

¥ith solar irradiation of 1.16 Kw/w , the contrihufeion is 37 watte/ 
m » t_p = 54*1 0* - £>-t=1 4 * •- . 

p 4 1 O 

[Tc convert Kw/m to cal /sq.cm, /day : 10 tr c al /sq.cm /day=4* 86 &%,'']• 


Sect ion 3 : So^c Properties of Bundled Conductors 

Bundled conductors arc exclusively used for c.h.v. linos, 
(only ono line in the world, that of B.P.A. in U.S.A has used 
expanded ACSR conductor of 2-5' inch dia for the 525 kV lino) . Upto 
now ^8 sub -con due, tors have boon used. Figure 1 shows somo of the 
details that will be used. 
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X ~ i.'f 

t I 


\ 




< 


R 


** > 

*##*■" *• 
C ■ ' 


Single Twin 3— Cord 


: 0, 3- /Y 




' 7 


) 

■7) 


<** > 
y 


Zr 


S> 


\ 


4} 


•Run 31 9 Spacing an d Bundle Radius 


/ 

•" .~r*y 
6 -0 ond » 




/K 


? 


y 




P 


try 

8—0 ond' « 


Ro I'm ally, the R sub-conductors of a bundle are distributed 
u n ff nrmly on a circle of radius R with spacing 3 between adjacent 
sub -conductors • We will call 3 = bundle spacing and R = bundle 
radius. The relation is 3/2 = R sin ( tc/R) , giving R = 3/2 sin (“it /ft)* 
Tor i = 2 to 18 we therefore have the following relations. 


R -2 

3 

4 

6 

8 

12 

18 

B/R 2 

V3 

V"2 

1 

» .7654 

.5344 

• 347 2 

r/b .5 

• 578 

.7071 

1 

1 .308 

1 .874 

2 .884 


Groometric Kean Radius or Equivalent Radius of Bu ndlte. 


For most important calculations, the bundle of R sub-conductors 
can be replaced by a single conductor having the equivalent radius 
r = (R.r.R M-1 ) 1 / N = r j> .(R/r) 1 ' 1_1 ] 1 ^ = R(R r/R) 1 ^ . It is the 
R-th root of the product of th- sub -conductor radius and., the dis- 
tances of this sub-conductor from all th -1 othr-r (R— 1) companions in 
the bundle. These will bo 

r. ( 2R s in | ) . ( 2R sin P|) * ( 2R sin -^) . - - - (2R sin te) 


= r . ( 2R) . ( s in Jr ) ----- ( s in 

1 /2 

For R = 2 : r eq = ( 2 r R) 

R = 3 s r Q ^ = (2 2 R 2 r sin ^ sin ^~) 
R = 4 : r Q £ = ( 2^R^ r sin | , sin 

The general formula is r = (R r R^"* 1 


R-1 

R 


7l) 



1/3 ? 

=( 3 r R 2 ) 

sin 3^~) 

1 /R 

) 


1/3 

1/4 


(4 r RP 


1/4 


Examples : For the 400-kT’ lines in India, r = 0.0318 m, B=0.45 w , 

R=2. Calculate 5 R and r _ • 

eq. 



Solution * 
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, *' 1/2 
R = B /2 = 0.225 m. r eq = ( 2 x 0 . 0318 x 0 . 225 ) =0 . 0846 m 

ilso, r eq = VKB = 1^015950.45 = 0.0846 m. 

For 1200 kV 1 ine, 14=8, d = 4.6 cm, R = 0 .6 m. 

r eq = R ^ r/R) 1 ' N = 0.6 (8 . 0 . 023/0 .6) 1 / 8 =0 . 5 1 76 m . 

B = .7654 R = O .46 rn — 46 cm. 

Sho equivalent radius is useful for calculation of (a) lino 
charge^ (1) inductance, (c) capacitance, and several other lino 
parameters • 

notes The- total resistance of an 14-conductor bundle = (1/14) times 
the resistance of each sub-conductor. 


Sj5otion__£. Inductance of PH? Lines 
Ro und Oonducto-r 

1) Inductance due to Internal flux : I = ^/ 8 * O.SrKT 7 H/metro 

2 ) External flux- linkage uptc distance x: l' 


2 n bn(x/r) , H/m 
2 x 1 0 ^1 n( x/r) . 


$ 


I 


terson duptor Line (Single Phase or Bipolar 10) 

The currents are I and -I. ^ 

Consequently, any flux lino beyond 
the conductors such as line 0 o will 
link zero current. Therefore all 
flux lines must pass between th? two 
conductors. The . flux 1 inksgo of 
conductor 1 has two parts '( 1 ) dno +0 44 . 

d ,,„ + f „ , . p 3 A V duo to its own current, and ( ii) 
due to current in conductor 2 . V ' 


Qn i' ®-i 


[ | - 


e> 

\ 

\ 

\ 

t 

/ 


7 

r3> — r>| y 


Rlux linkage due to own current I will be 

" r Iu /■ D “ r 

d , — — — - 1 * JL •) £|j 2 • i_ r 

r '1 2 % x dx = T ' 2 ^ ■ Ln — — X 


= f 


Fleming »s rule shows that in +ho qr.« „ , , : 

ildxcs produced b y I _! tlK ooatort™. t: 

flux liuto^e of coaductor . duo to cur W/T/T 

current m conductor 2 will b t 


D-r 

r 
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D-r 


J 



M 

“ Ln 


J-P-n T)- r I P'o T D 


* Total flux linkage of conductor 1 is 

• * 

% ’Yu + fl2 

Inductance is L„ 


Ln 
7i r 


* ln ? . D>>r 


^ /i = — °- - - 11 


71 


Ln ~ , H/m of conductor 1 


The ™ id— plane- G-G between conductors is a. flux lino. Therefore, 
the inductance of any one of the conductors upto G-G ■will "bo one 
half of - If D = 2H, and turning the figure around hy 90°, wo 
obtain the conf igurat ion of a single conductor above ground. 


L 


!h n 

271. n 


r- 


4 0 

2tc r 


2x10 7 Ln 


Henry f m • 


Combining this with inductanco due to internal flux linkage gives 
L c = 0*5x10~ 7 + 2x1 0~ 7 Ln = 2x10~ 7 (^ + Ln , H/m 


For the very large values of H encountered in e.h.v. lines, internal 
flux linkage can be omitted. 

Example : For a 345-kV line, the single ACSR conductor has 1 -762 -- 
inch dia. For purposes of calculation, use r = 0*0586 ft (0.0179 Tm ) « 
Calculate inductance pr-r mefcre-lengt h and error in neglecting 
internal flux linkage. H = 12™ (40 foot) . 

Solution ' L = 0.05 pH/m 

I * 0.2 Ln (24/0.0179) = 0-2 Ln 1341 = 1-44 pH/™. 

% error = 0*05 x 100/1 .44 = 3*5% 


Maxwell 1 s Coeff ic imt s : 

p 

Considering 

called Maxwell’s coefficient, 
as ^ Ln (2H/r), but in this lecture it will be Ln( 2H/r) which 
will also occur in capacitance calculation. [Uote-s- So r 'all calcu- 


I Ln (2H/r), tho ter» Ixm{ 2H/r) is 
Sometimes it may also" bo written; 


1 at ions the awr&ga height to be 'Used is H 
Sag/3] • 


minimum height + 
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When, several conductors (phases or poles) are present above 
ground , each carrying its own current, we can repla^y ground 
plane by image conductors carrying currents in opoositc directions 

but of tho same value. r "‘ 3-2. 

* ' ? Q L, 

Consider flux: linkage cl u\ u 

r, i \ 


conductor l. T Self flux linkage 

. 3- A OTT . 


is f 


ir 


o 1 
2 % 


In ( 


2H 1 \ 

-jr—/ 


n 


r, 


I 4^. 




Duo to current in conductor 2 : 

Current in coadductor 2 produces flux in all space-** Bub only 
the flux flowing beyond A^ will link conductor 1 • Similarly^ 
due to current-- in th-e imag° of conductor 2, only the' flux ‘ 
flowing beyond I., 0 will link conductor 1. 

1 <- CsA 

' T f j Ik 


\ 

T 12 


kSo 

2tc 


J 


X ... . ( ^^o 


dx + 


hi 


2 % 


1 2 


) f = Tt *Ln , 

<. x 2 it 2 A 1 0 

X 12 1 “ 


'The mutual Maxwell’s coefficient is then Ln( 1^ 2 /A^ • In general, 

between conductors i and j, the mutual coefficient -will bo P . ... 


For a system of n conductors 
Ik 

t rpi 

'nn 


[ ^ ] 


0 

2tc 


n - 2. cq m .[I] n = [I] m [X] n 


where [y] n = [ V f , f 2 , — aad [I] n = [I,, L,, ~,I n ] 


Ihs elements of Kaxrwoll *s Potential Coefficient Matrix are 
P ii = Ln (2ffiA eq ), and P.. = ln( 1..^ .) • 

For a bundled conductor, neglecting internal fl_ux linkages, 
uxie radius to he used is tho geometric mean radius or the equi- 
valent radius ^ = RCl.r/R) 1 

Bxs -P.pl.e- - : Phc dimensions of 400— kV 3~ phase horizontal line-; aro : — 
H = 15 m, S = 11m between phases, -conductor 2--ac -3*18 cm, B=0.4572™ 
( * rf .^aloulato (a)- inductance matrix per Kt 1 , considering no 
transposition, (b) sam C f off ally-transposed lino (c) positive-sequ- 
ence reactance per K> at 50 Hz. 

4 
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Solution: r eq = frTS' = 8.53 = 0.0853 in. *-l1*-11-* 

oa oo <50 


Pl,=I 22 =P 55 =ia(3 0/0 - os 5)=5 .9 


15 


P, ,=p„=Ln/( 4H 2 +S 2 ) /S 2 
P^n^As 2 )^ 0-53 


( & ) [I3ut = 0,2 


1 .0664 


m3 


[L] t = 


~ 5.9 

1 .0664 

0.53 

i iig/f = 

‘ 1 .18 

0*213 

0 .106 

1 .0664 

5.9 

1 .066 4 

mH/K" 

0.213 

1 .18 

0.213 

__° *53 

1 .0664 

5.9 


0.106 

0.213 

1 .18 

+ 0.213 + 

0.106) 

= 0.177 

. 4 

i 




8 0.177 0. 

177 I*- 

-* 





(c) L 


= 1*1 8 


1 .18 0.177 I ™H/Km 

U18 i 

- 0.177 = 1 "H/K™. 


At 50 Hz, X + = 0.314 o WE?" * 


Note that--self inductance of c .h.v-** 1 incs is in the neighbourhood 

i ’ 

of 1 TT’H/Em. In general, as tho number of sub— conductors is 
increased, self inductance and posit iw-— sequence inductance reduce 
so that the series reactance will reduce also. The power— handling 
capacity will therefore increase. 


Induct anno of Round Conductor wit h Skin Effec.lL 

Resistance increases with skin off oct_ (f re.quoncy) but the 
inductance due to internal flux linkage decreases. This T "ay not 
bo serious for e.h.v. lines whore the internal flux linkage is 
neglected . This inductive re act an c,o at any frequency is 


n = (? k ) 


B or ’(x) + B n1 (x). B fii '(x) 


.©£ 


ex' 


di 


‘1 '2 Ak o' --[B er 1 (x)] a + [B oi ’Tx)] 


■5 >iv • * ' 


^ . i v o 


whore x=0#0636 f£/R 4 R =cUc * ros istahee f 1 bhr^/^^lot 




9153? 


mini tot) 
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In general, tho resistance and inductance variations are as 



£- £ . qtion 6 : Line Qapac itancc Calculation 

'' •"*" 1 - ' iriu \JS ty 

Let p.d. "between conductors = 2.7. I 

Place a unit positive test charge at P. + '^ * 

?_ 

r 


Then the electric field at P is 


B- = z* (*• + * 


G-r- 


) 


P - 2ne o -*'X * 2H-x 

where q = charge on conductors per- unit “length. 
_ a 2 H-i 

Consequently, 27 = — *■ 


i — 2_H 


- 

/•~N ' 

-•(- ) IV 

'—ii i i ^ l 


2%e 


o 


f ( i + &=$ dx = if- 


IZE. 


-SL. 

7ce 


Ln( 2H/r) 


By syipmotry, the "id-pXahe w will he * y. Thc p . d . t , twoen 

?“ a “° tor “ d gro “ d I 51 ^ 0 S 0 "O=y rotating, the Hlgure 
by 90 ) will be ? =-7 # > 

^ ' *•* * ' 

J List of cond. surface fro™ negative 

7 a = -JL. Ln 22. _ |SteKa— ^ 

g 2ne Q r 2 7ie o Ln !^st^of cond. surface fro m "positive 

In r = Maxwell ’ s Potential coefficient ? 1 1 . 
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Mu tual Bo t c nt i?JL Co off ic is nt s 

Potential at location of conductor 1 
due to the charges + q 2 and - q 2 is 


V 


12 “ 2xe 


o 


Ln Eiat^frqm„rl 2 _ Ln -12. 

^ Diet, fro* +q _2 “ 2tod o L£1 ^ 2 


H- 


Ol 

i o % 

h - V - 


_ -r tf z 
O -*-/ 1- 


*. P 12 = la(I 12 /A 12 ) 


For a system of n conductors, the potentials of the conductors 
will "be 

“• 27te' 0 ^ a ( 2H^ A" e q.) + 2/ize^ 2^1 2^ + - - - + ^"^^LnC n /A^ n ) 


*1 . *2 


Y n = 2ne 0 La ^ I ln^ A 1n^ + 2Tie Q Ln ^ I 2r/ A 2n^ + 
In matrix for w , [V] = [P] [<l/2ii© ] 


+ 2H n^ r eq^ 


[V] a = [V t ,V 2 , - - VJ, [q] = [^,^ 2 , ~ - , q n ] and 
elements of potential coefficient Matrix are as before 

The capacitance Matrix is [C] = 2xe 0 [P] na =2xe Q [M] 

Wo derived the inductance Matrix to be 


nn 


V-, 


[l] an -~2% C * 3 - If internal 'flux 1 inhages-- are ignored, we 
observe that [L]’[C‘}=p. e [U] = '^~[U] whore [U] = unit ™atrix and g = 
velocity cf light* Calculations based on this relation are called 
'Light -velocity theory calculations'. The charges q^ to q n refer 
to the total charge of the entire bundle and not of each sub- 

conductor of the bundle. . ’ • 

- ; • ■ ' i 

» 

Example i For the untransposed 400-kV line, Maxwell's Potential 
coefficient Matrix was 
{5-9 1 -066 0-53 
[P] U J 5-9 1.066 

5.9 


- 0.176 - 0.03 

- 0.03 0.180 
- 0.01 - 0.03 


■••[KM*]* 


■1 
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The capacitance Matrix is 


- H.. 

[0]«2i» o [K] = 


9 *77 
-1 .65 
-0*58 


1 .65 
10-02 
-1 .65 


0.58 
-1 .65 


' - 9 *7-7 


nP/Kffi 


[Mote ; 27te 0 = 10~^/18] 

Bor a completely transposed line, 

C s = !jr (9.77+10.02+9.77) = 9-85 hF/Km, (1 .65+1 *65+0.58)= - 

, , - • ' - -1 .29 nF/KN 

Positive-sequence capacitance Qj. = Cg-C^, = 11*14 nF/Km. ¥e note 
that positive— sequence capacitance of e.h.v. l-ines is in the 
neighbourhoos' of 10-11 nF/Km. . With 1 cil^H/I the velocity of 
propagation using positive-sequence quantities is also light 
velocity. .Also, 1) self -capacitances are all positive while mutual 
capacitances are all negative. This is because a charge of one 
polarity placed on one conductor induces a “-c barge of odnosite 
polarity on another conductor. 

2) the centre phase has higher capacitance to 
ground than the outer phase's, even though the potential coeffi- 
cients are equal. 


Section 7 : Sequence Inductances and Capacitances 

This applies only to transposed 1 in°s j Thte mutually inter- 
acting inductances and capacitances'can be resolved into indepen- 
dent sequence quantities . However, the real meaning of sequence 
inductances and capacitances is the flux' linkage and charge which 
sequence currents and voltages experience. 


Zero Sequences : Here [ I] 

= 

[ 1,1 

* 

-• • 

. K ■ ■ Vi 


11-' 

. [+„]- 

L g I'm 


11 

* 

_ * ‘ h g 


! 1 



and [V) o =[ 1,1,1 ]V o 

n . i *’ 


1 

1 


(L^^) l Q . 


The zero-sequence inductance is L 


0 


= I) g +2L 


m 




Positive sequence : = I w sin wt, I 2 = 1^ sin (wt-1 20), 

= 1^ sin (wt + 120) 

~s in wt 
s in( wt-1 20) 
sin(wt+1 20) 


if] 3# w 


rn 


S 


TP 




ip 


T>1 


L. 


I W =(L -L m ) 

m x 3 IP' 


1/ '“** Xi*Y, 

S w 


Negative sequence : L 2 


T i — L « 

S W 


m 


s in wt 
sin(wt-1 20) 
Sin( wt+1 20) 


Ha-pacitance : The sequence voltages are 

[7 ]=[ 1 , 1 , 1 ]V, [7.j] = [ a.in- wt f - s in (wt-1 20), s in( wt+1 20) ]7. 


Using the relation [q] = 2fte o [P]"*^ [7]=[ C] [7] = 

we obtain, C g = C g +2Cjp, 0^=C g — C^, ^2~^s~ 

The following properties ^ay be noted: 

1 * The zero-sequence-inductance is higher than the self-inductance 

1 , while 1* and 1 0 are less than L . 
s f 1 2 s 

2. The converse is true for capacitance. Since C w is a negative 
quantity, 0 Q < 0^ while sand C 2 are > 0 g • 

3. In ter^s of the sequence quantities, the self and Mutual quan- 
tities are : 




a 


w 


■’ro 


's 

■t 

'TP 


0 


m 


C, 


[V] 


s 


s 


3 <V a i>- 

*.-±%\<s 0 + ‘iJ. :• 




» 


- V- 

3 (0 b - °i> 
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Sect loti 8 : J. i n e Par aF e t e rs fo r de s of P SE. , &&A P J1 

■When switching or other transient ope rat dons are being 
studied on transmission lines, it is a difficult matter to inves- 
tigate wave propagation on conductors which are characterized by 
(a) velocity of propagation, (b) attenuation, ajad,.(c) surge 
impedance, when mu.tual interaction between the multi— conductors is 
present. The waves m ust be de-coupled on transposed as well as 
untransposed lines. This concept was first applied, following the 
idea of symmetrical components of Porte9«u*i by G.T3. Ada^s for 
radio-interference studies. Bor the fully-transposed line, analy- 
tical expressions in closed for 111 for the transformation ^a. fexcices 
can be worked out. But an untransposed line can only be handled 
on numerical basis when all inductances and capacitances are known 


Diagonal izat ion Procedure 

The diagonal izat ion procedure will be illustrated through 
the inductance m a trix of a transposed line, 




r B 

s 


B ro ~ 


\ 

II 

l — 1 

t—3 
\ ! 

Bm 

L s 

Bm 

< 


_Bffi 

Bb 

Bo ■ 
a J 

step 1 : Evaluate the ! characters st in rnnts ' or- 

the deter^inata! equation 

Um 

- [i] 

= 0 . 

This gives 

X -L g . 

“Bin 




“B^ /\ 

~Bm 

=>0 giving^*! 


“Bm -B w 




Step 2 : Bor each of these eigenvalues in 

turn. 


eigenvector E^j^which will be column ®atrix^ according to th° 


eld at ion 

] - cy 1 t ^] 

Consider X\ = B g + 21^. 


CO] 


^CirHy}| i£[= V 


i 


x i 


2 -1 
-1 2 
-i -i 





’ z i " 


0 ! 


X 2 

= ; 

•0 

J 1 

•nr 

L^J 

~' r ‘ 



- A '- --- 1 2» w 

~ X l + 2 X 2‘“ X 5 =0 f “ x fV , 2 X 5 = 0 * By choosing X^l the eigenvector 




1 


By following a similar pro- 


[1>'3 Its normalized for 1 ” is [1] 
cedure using the other eigenvalue x2 =I ’s"‘ Ij n i » ' bliere results 


[ y f! 

r 

'111' 


>i ' 


r* 

0 - 

i y 2 

= —i 

111 


y 2 

' = .. 

o 1 

1 

‘ 1 1 1 
u. 



i 

_ 0„ 


giving y^y 2 +y 5 =0 


Once again taking y^ = 1 , we obtainny 2 +y^ = -y^ = -1 « 

Wc now have an infinite number of choices for the valu&s of y 2 and 
y . These must suit engineering considerations. The most conve- 


nient value is to let. y 2 =0- 

and its normalized form - 


$ 


Then y, = 

h 


-1 . The eigenvector is 


Since ^ = /^» H §l ves the same equation. Wfcr now choose 
z^=z^=1 giving z^=«2. Por this case, the eigenvector is [-^fj and 
the normalized form - ^ [-j>] . . 

Sten 3 :' The ccyp^ete eigenvector vector -in normalized form i s 
called the inverse ’of the transformation matrix; 


•W 


-1 


_1 

IT* 


>2 

V3 

1 ’ 

, and [T]= ^ . 

V"2 f2 

n ' 

. n 

0 

-2 

i 

V3 0. 

-V3 

J 2 

-V3 

i ! 

1 “ 2 

i 


S’fce.E.ji : The given inductance m a trix is now diagonalized hy the 

multiplication (as can bo verified) 


[T] _1 [t][T] = 


i 


L 


L +21 

S m 

0 

0 


0 


L_— L_, 

S m 


0 


0 

o 


i 


s 



= [*] 


The mutually-coupled waves are now’ de-coup-led* The capaci- 
tance matrix or the surge - impedance .-mat rix could have been used 
and yields the same transformation matrices. In this case, the 
eigenvalues- turn out to he equal to the 1 zero, positive, and 
negative -sequence quan-tities. 


Interpre tation of Sigenvector Matrix 

l) Corresponding to the first eigenvalue the eigenvector ha.s the 

. I ! 

elements [1,1,1] which can be interpreted as follows: In the first 
mode, the voltages, currents, charges, and the accompanying ener- 
gies are all equal and of the same polarity. In general the return 
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_ current flows in the ground, and the attenuation of energy is 
high because, of ground resistance. It is usually called the ' «' ■ 
*1 ine— to^-ground ' mode or 'homopolar' m o do . At radio frequencies 
of 1MHz, attenuation is 6 dB'/J3» . ; ; 

2) The second eigenvector is [1,0,r1] which involves only the . 
outer phases. Tho centro-phasc is not involved in the propagate 
One outer is the ’go' and the other is the 'return*. Therefore , 
ground is not involved. This is- called the 'line -to -lino v*ode ol 
1st kind' or- -the 'phase-phaso ' mode. At 1 MHz, attenuation is 
about 1 dB/Km. 

3) Tho third eigenvector" is [1_,-2,1] which can be interpreted as 
saying that the current 'goes f- in tho outers and 'returns' in the 
centre phase. Tho. charge distribution is [+q?~2q»+q] and so on. 
G-roundr is not involved and attenuation at 1 T^Ez for radio -wave 
propagation is about 0.17 dB/K*. This is call^-the 'l^ine-to-lir 
mode of the 2nd kind'or the 'inter-phase' m 0 de. 

The concept. of m 0 des of propagation is also very useful for 
coupling^ modos of ■ carrier equipment whore attenuation of spooch 
and signals is of concern in determining transmitter and receive 2 
powers 



Ws observed, that [I][C]= Jj> [H] for a fully-transposed line': 
Suppose we pro -multiply by [ 1] ^ and post multiply by [T]. Then 

[*]"'[1-]C0][T]= [T] _1 [1][T] [ir'COHT] = [ T] 1 [IT] [ T] 1_ 


"v 2 ^ -b 

_ 4)T1 4"* 

••0 !|0_+2C_, 

S Tr> 

■ 0 

• 0 


0 ' 

o-o 

0-0*. 

0 

•= [U] 

o 

o 

l 

•^‘s ^ 

— 

0 

r< —ri 

S frt . 

g 


This gives (1 S +2I„)(0 +2CJ = 1/g 2 

“1 (Vn> (0 B -0J = 1/g 2 ' 


This shows that velooitios of propagation of waves in all "three 
vodes are equal to each other and to light velocity. This is tru 
when ground. return inductance is neglected. Usually, in tho 

first or line-to-ground -Vde, -iadwfemso of gwund-return reduces 

• * 1 


the velocity of that modal component to about 2.5x10^ m/s or 83% of 
light velocity. 

Un transposed line? 3? oil owing the steps given before, using numeri- 
cal values, the eigenvalues and eigenvectors can be worked out. 


Section 9 s Resistance and Inductance of Ground Return 

Under balanced operating conditions of a transmission system, 
ground -return currents do not flow. Some of the situations whore 
ground -return is involved are s 

.(a) Short-circuits : Single line to ground and double line to ground 
faults • ' ' ’ • t , 

(b) Switching Operation. 

(c) Propagation of waves cm conductors, (RIO) 

(d) Radio interference studies. 


The ground -re turn resistance increases with frequency of current 
because the current does not penetrate deeply and area of conduction 
decreases. But the inductance decreases because the flux lines 
cannot find as large an area as at low frequencies. 

In every case, the soil is inhomogeneous and stratified in 
several layers with varying conductivities* 'In this section, the 
famous formulas of Carson will be given which apply to a single- 
layer homogenous soil. 

The values of conductivities on the average are s 


Moist soil 


loose soil 


olay 

icf 2 


1 0 mho/m 1 0 

To convert to o .g .s . units, multiply these by 10 
depicts the important parameters involved 
i and j are referred to any 
chosen origin located on ground 


Bed rock 


io 
11 


mho/m 
The figure 


X. and X . of conductors 

v i 




l-U 


i 


Pi 


surface. C g = soil conductivity 
in mho/m, f = frequency of current ^ 


from 'imag 

a 


v of conductor 


i, metres < Q 


j 






= distance of conductor j 

„ 

arc tan 

1.7811, Euler's number, and p 0 =41'?x lO*"^ H/m. ^ 


i Ij 


1 
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, , ) 

Shs moa t Important parameter for the calculation -is r^. = 

-(/ JZTT& G £__. • For usual e»hivi linos, < 1 . In c.g,s» units, 
r ij = hjU 8 71 f C g ^with in cm and C g in c .g »s . units . 

Haring found r.^ , the ground-return resistance and inductance 

arc : 

Sg = 8 ^" f J r * 1 Ohm/'Em, Lg = 4 *10*" 4 Honry/Km, where, na j 

J i ar e calculated as follows 


TT 


J r ~ ^“ S 4 ) s + 0,5 s 2 tLn (2A r ij )+0«5 •l 2 ~iW 1 +A~= W 2 

° 2\/2 


J ± = o.25 + o.5(i^)^( 2 ^. rid )..o.5e...T + -^s 2+ ^( Wl+ff3) _, JW4 


There arc several qu.jntiti.es above which are given by the following 
infinite series, for r^-< 1 . For most calculations only 2 or 3 ' 

loading terms will be sufficient, as shown by actual calculation foj 
400 kV line . ■ 


CO 


S 2 ■ 5. <-1) K (r ±1 /2)^) - , 1- 

K ~° • ■ ! ‘ ( 2IC+1 ) l ( 2K+2 ) '• 


cos (2K+1)20 


ij 


T 2 ~ SfmG as s 2 cosine changed to 


sine . 


GO 


% = 2 


J 4 = ^ (-1) K_1 (r. ,/2) u 
K=1 v i/ } 


1 


> . . « " ut cog 4* K @ * . 

(K+1)l (K+2 ) ! ; ' 3-3 


T 4 ~ s * anc ' as s 4 with cosine changed to sine 


cO 


W 1 = (4K-1) 

K=1 • - id 


^2 ~ ^ • 2 5" S 2 


TZT1 ~ * cos ' •< 4jC ^)e i . 

1 .3 (4K-1.) ■■r J 


oo “7"" 

h =2 (-i) fc1 . 


K=1 
5 


= » S. . , 


"4 ~ 3 °4 


r (4K-1 ) 1 

id “T“T • * cos (4K-1 )© 

. 3 2 .5 2 , ... (4M) 


i 


w r - 
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The important and interesting properties of R and 1 for a 3-phase 

O & 

horizontal 400-kV line como out to be, nearly 


L R S ] 



‘l 1 1 


" 1 

1 

1 

R 

g 

1 1 1 

Rn4 [L g ] = l g 

1 

1 

1 


J 1 1 J 

1 

1 

1 


It is left as an exercise to diagonalize these 1 . 


Example : 400 kY line 

The frequency selected is 1 KHz 

which is useful for switching -surge 

*“•2 —I 

studies# 0 g = 10 mho/m* ©^2 = ^ fin 

(11/26) = 0.40U rad = e 23 . 

e-j^tan" 1 (22/26) =0.7025^ 


11'** 


\\ W 


7\ ? i p O 

\ ! /i '3 
1 / 

\ 8 > /_ 




ns 


e 11 =e 22 =© 55 -°. r ± .=i ± .j 2 tty 0 f c g 
=14 : r -ji=°* 2 34, r i2 = 6.27> r^ 3 =0.306* 

Self resistance s R^, R 22 , R^^* lor this, = 0. 


S« = ( 
5?o = 0 
S 


0 .234 -\2 1 


\ £m ... ^ / 

2 ^ "2 / 9 2T^ * 2 


0 #234 \6 1 


) c 


3f 4! 


4* ( 


0*234\l0 1 


: ) 


* 51 Si ^ 


0 #00685 


2 - u. W 2 = 0.00856 = 1 .25 

0.1l/ 


'4 ~ * which is negligible. T^=0* is negligible. 

W 1 = % ^3£,.. = 0.0043# W, = rr- 0.00028. 

1 T .3 5 3 #5' 


‘ • 

* 


J r = ^+ 7 x 0.00685 * In * 0021 5+™~r- 


/•' IT. , .1 0.0046 ,. 1 |C55 


= 0.4. (Note = r/8 = 0.3925)' 

’• ' •' -sf" , 

J ± = 0.25+0.5x1 .61 - £ x 6.00685 + — - p~ 

• R^ = SfTx 10^x 10 ~ 4 x 0*4 = 1 ohm/Km 
= 4 x 1 *055 x 10" 4 = 0*422 mH/Km. ' ,‘3 • 
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Mutual Q-2) : Calculations give J r = 0.3983'^ *4, and J ± 0.932 
,** 1 ohm/Km, l-j 2 = 0*38 raH/Km 

Mutual (1—3) t J r = 0*3923} Jj_ = 0*89 
• **, R-J 2 o 1 ohm/Km, l-^ = 0.356 nfi/Km , v 


= 


1 

1 

1 

[o.422 

0.38 

0.356] 

’ 1 

1 

1 

ohm/Km and [l g ],|0*38 

0,422 

o 

<# 

GO 

_'.1 

1 

1 

* jo *356 

0.38 

0 .422J 


mll/Km 


Average inductance lg = ^ (0.422x3+0*38x4+4+0*356x2) 0«39 mL/Kmi 


This gives nearly : . 1 1 

”"i i i 


c.M 


= R 


g 


( 1 \ = 
1 gJ 


g 


1,1 1 

1,1 1 

: f 1 1 

1 1 1- 

1 - 1 1 


with R = 1 ohm/Km. 


with 1=0 *39 xnH/Km 
g 


It would appear therefore that only one quantity would he necessar; 
for each of these two matrices. This property is usually used by 
everyone • 


Section Ip i Corona- Inc eption Gradient and Maximum Surface 

Voltage Gradient on Line Conductors 

Corona Inception : Peek's formula for corona^inceptioh gradient 
on a smooth conductor above a ground plane is. still the best for 
design purposes • Phis is 

E oq = = 6 C 1 + r.m.s. 

0S / 2 1 J r 6 

Here, r = conductor outer radius in cm., .and S = air-density 
273+1 j p- 

factor = x ~760 w ^ cn 1 is in Dm Hg. Indian standards use 


EDB-63 


+ =-. 20°G but will consider 27°C in future . f The factor (273+20)/ 

o ... — 

760 = 0.3855 J. The pressure varies with elevation and temperature, 
The variation with elevation can be taken as 1o millibars (7«5 mm) 
per 100 metre change of elevation* Temperature correction is not 
very important* 

On stranded conductors, corona-inception occurs at low, r gra- 
dients which is known as the nominal smooth-conductor gradient* 

This is taken into account by using a roughness factor m = 0*7 to 
0*8 in fair weather and 0*55 to 0*55 in rain. B Qr = m E^* 

Example : For a Moose 0*031 8 m di=! conductor calculate the corona- 
inception gradient at elevations of Oj 1000, 2000, and 3000 m above 
sea level. Take the temperatures as 40°, 30°, ”20° and 10°C res- 
pectively at theso elevations. This usually corresponds to a 400 kV 
lino running in North Indian plains to the Himalayan regions * 

Take m = 0 *75 * 


h 

. . t 

!' '0 

looo 

?o 

3000 

20 

3000 
lo , 

metres 
, °0 

P 

7,60 

685 

Ho 

5'3 5 

mm 

S = (.* 3855 - 2 ^:^) 

0 *4 3 6 

0.8715 

0.8026 

0.7288 


E os 

25 *0 • 

23*4 

21 .75 

''19.96 


E or 

t8 .75 

17.55 

16.31 

14.97 



Notice that as elevation increases, corona-inception conditions are 
more favourable. ''On hilly terrains, this ' problem arises even though 
a conductor may be' designed to bo corona-free, in iihe plains. £ A 
parallel with Pascheh/s J law can be found in this. Paschen's Law 
for breakdown of gaps^in uniform f ields is f (pd) • As p decrea- 
ses (above the Paschen minimum), for the same gap length" j, breakdown 
voltage decreases* , .Hence the. breakdown gradient (V^/d) also 
decrease?]., • i . . t ! ' • 
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Maximum Surface Voltage Gradient on Cond^ t^^n^Bundj-e 

The efface voltage gradient depends on charges on the sub- 
conductors of the bundle. This will have to be found first from 
the equation 

* [ q/2Xie 0 ^ = juPl" 1 [vj = M L v 3 ; where 

[yJ =, Y jj 3 in wty ' Bin (wt-120), sin (wt+120)J 
[B] = Maxwell's potential coefficient matrix, • 

,*ii (2Hi/r el )*, P ±j = hn (X../A..), i/j. 

Since the voltage of any phase conductor is varying with time, 
the surface voltage gradient will also vary at 50Hz* In e.h.v. 
lines, the "'phase separations -and heights arc very large in compari- 
son to tho sub-conductor radii and thc^spacing between sub-conductor 
in- the bundle. It is therefore assumed that the changes on the 
other phase conductors and the image conductors have negligible 
effect .on the surf acc voltage gradient on the sub-conductors of any 
bundle. 

In time, therefore, maxiirm value' of charge occurs when the 
voltage of that phase passes through its maximum. In a computer 
programme, depending on the required accuracy, all factors can bo 
incorporated • ■ Therefore, for a 3-phase line, where q 1 , q 2 , q^ are 
total bundle change a. j . 1 '■ 


■“q 1 /2tTe 0 ^ 


M 12 M 13 " 


sin wt ■ 

(32/2'f e 0 

= Y 

M 2l M 22 ^23_ 

! 

sin (wt-120) ' 


<}s > ■ , , 



sin (wt+120) 


Considering phase 1 , when its voltage passes through maximum or 
peak value, the voltages of the other two phases arc passing through 
negative half values. 
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Maximum -value of q-j will occur when 

( 1-) /2]2o Q ) = V F M-j -j — 0 *5 (M 1 2 +M-i -7 )1 • 

vac,/ . ■* J 

Similarly, (\/2 Tf o 0 ) max = V [m^-O .5 • (Hg, j 
«“»' (qj/2-<r c 0 ) Dax = v[m 33 -0.5(Mj 1 +M 32 ) ] 


Having found the charges, the maximum surface voltage gradients 
can be found as follows* In the expressions.;, ■%_ denotes this maxi- 
mum charge* Also, when T is in kV r*m.s*, the 'surface voltage 
gradient will be in kV/m r«m*s* 


1 ) single conductor! 

* ■ n jiM U fiixiiiii ■ 11 '> » *'' »* » n|mw 

E 


max 


?rr% 


I 

r 


ty'/zTTQi 

o 


~r 


2) Twin conductor .; She change on 
each conductor = q/2 • 


‘V't 
i. V 


O *C> ,p - 


k-Sit'R ^ 

111 the case of^bundlcd conductor, the surface voltage gradient 
Varies along the periphery of .the conductor* When a unit positive 
test charge is placed at P c , the .forces due to charge on both 
conductors are .in the -'same direction, while at P^ they are in oppo- 
site, directions • The maximum anywhere on the periphery occurs at 

< . ' Q "1 *“ *1 

P Q . Due to its own charge, the electric field is ^ -f r e" 7 * r * 
Hue to the charge: on the other sub-conductor of the buEdlc , the -j \ 
electric field at P Q would bo given by ~ ^j T c " 

But we have to- double this for the reason tfleit when a conducting 
cylinder is placed in the uniform field of a charge, the stress 
on the cylinder is twice the stress when it is not present* Assu- 
ming that the loft sub-conductor is sufficiently far that it pro- 
duces a uniform field at the location of the right sub-conductor, 
toe field is Z-4 - 
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* 

* • 


Th r. maximum. surface volt !go gradient is 

1 ,1 ,'l* a 1 1 


E w = 


m 


. \ (i + s) = 2 &T * 2 l (1+r/H) • 


ro- 


3 ) To derive a general formula, 
consider the 4 conductors*' The 
charge on each sub -conduct or > 
is q/4.= q/U* , 


1 '1 


Ar ", 

4 <t' x v $>** 

V* r 

8 ; «sw'-S^e E v 
•viR «a\, 1 


Due tc conductor charge : E^ = 




4 


Duo tc conductor 1 : 1 . ^ = 5 ^- * • E 


1 4 ^ l~ 

I 1 w* ^ 


Due tc conductor 2 : * ?* 


1 2 cos TT /4 _ _ q 1 1 


2B. sin 


' 2 rrc“ 0 ' *4 K 


;A-lso’ t = E 2 


*• B = B-t +E 0 +E,+E, 
m , 12 3 4 


2 Tf e. 


1 1 r 1+ i + i + i 

4 r L H . E + E 


1 


- ■ a 11 ( i , 3 \ * , nr 1lfFll IT 
“ 2iT o * 4 *r '* + S )” 2 ft” I r h j 


o i 


o 


The general formula is E^ = M+(N-1 )/R 1 .. 

* * 1 4tV "o 


Hero, q = charge on the total bundle.,; and (cj/H) is the charge on 
each -subre endue tor * .Bor an 8 ,-conduct or . / • ^ 

bundle, the f-prccs arc 


-nS 


>** 


E 


/ \ 

< 3 . 1 1 „ Q 1 1 1 . \ , (*> ^ 

1 - 2r5^ 3*P E 5 = 2^5“ O 1 7^ v K 

•* Oi'vl V • * 4 I ^ ^ ^ * y 

1. r 2 cos 67-^° q -11 x \ \ t 

g *■■»„ 5" gr e ' Jn m° ? Erro~- 5TT> otc 'V\, . & 


4- 


B 2 = B, 


* 


£ 


» © B, 


m 2 tTo, 


0 e> 


/ 

i 


8 [ ? + sJ= -5 - ; (l+7r/R) 

1 • 0 ■ 1 - i 

Ie, 
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S55 ample t S’ 05? th 0 imtrunsposod horizontal ' 400 -W line,. 


/i = 


0.176 "0.03 -0.01 

-0.03 .. 0.180 -0.03 

1-0.01, -0.03 •» 0.176 


. V=420 KY, 1-1, r.m.s. 
=242 .3 ICY , 1-g , r .m .s * 


CL ^ ^ *-$ 

Por the outnr phases : —fTe" = 2 42.5xl0^ L 0 .176+0 .5(0. 03+ *Ol)J 

0 = 47.53 z lO 3 

Por the centre phase f — = 242.5 x -10 3 [0.I8 + 0.5 (0.03+0*03)] 

= 50.925 x 10 3 . (7*1 4$ more than outer) 


Maximum surface voltage gradients : r = 0.0159 m, R=B/2=0 .2286 


> 7 ! 


Outer phases 


E. 


a o 


1 T' 


mo “ TfTe^ ' 2 'oTo 


n , 0:0159' % 

p + o^286“ } 


Centre phase 


-Q 

AU 


me 


1598 KV/m = 15.98 KY/cm* r.m.s 
1713 KV/m = 17.13 KV/em, r.m.s 


Mangoldt Pormula ( Mar kt -.Menge l'e ' P ormuLa ) 

Por a 3-phase horigontal line, the maximum surface voltage 
gradient on the subconductors cl an 1-conductor bundle can be 
written down in closed form. This is called the Mangold t formula, 
also known as Mar kt -Mangel c formula. The average height- H to be 
used for e.h,v. lirus is 
H=minimum height at mid span + s&g/3. 

Por the horizontal configuration, 

P s = p 1 1 ^22^33 =lQ: ^ 2H/ ^gjl r eo = 

P m1 = P 12 = P 23 = 1,11 (^^ 2 / s )». P m2 =P 13 =ln (v4?+4S 2 /2S) . 


low. 


'1 


V r 

£ 

V, 


’ml 

’m2 


ml 

D 

*s 

? m1 


‘m2 

? m1 


s 


1 

r ^1 * 


% 

J 

<3.3 


2 -rpo 


O 
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For any phase, maximum occurs when the voltage of that phase is at/^ 
value and 'the other two phases havo negative & value. This applise 


to charges also • 


For the outer phases : V-j = |_P g *“0*5 (P^ + P m 2^~3 


% 


7> c , 


. ' PH ' ; , < hH 2 + S 2 /h 2 +S 2 ) 

* s -°* 5 Yni +:i W =Im -°* 5 111 1 “S - ~ S '~ I ■ 

•* v Q 


r» 


02 


• i 


% 

Tire’ 


V. 


1 


In _|iL _ 0.5 In $ y( 4 H 2 +S 2 )(H 2 +S 2 )/s 2 ? 


ir oq. 


1 ' ' ■> 

Tho maximum surface voltage gradient is 

% i i • r„ . /„ r -v 1 % 


E_ 


I 1 [l + (N~1) r/s] where g- -.— can ho 


mo " / 2|fo 0 -. I r L '• ' ' * Z^fc 

written out in terms of the- linc~to~grcund voltage and the height 


H and phase spacing S. 




\/ 


For the centre phase ; "2^jf~o 


a. p- - m' 


~n~ 

/( 4 li+S) 
— — 5~“ 


E. 


me 


Y' Li + (ff-1 ) r/R 3 

2HS 


N .r . Ln 




lor V = 242.5 H, 11=2, r = 0.0159,. T n „ = 0.085, H=15» S=11, SO .2286, 

e q 


calculation givos 1695 kY/m - 16.95 kY/cm* The previous value was 
17.13 kY/Kra. 


* 


TABLE 


PARTIAL 

LIST OP AC SR 

CONDUCTORS- 

llama 

Overall 

Diameter 

Inches 

Area, 

Circular 

Ostrich 

0.68 

300,000 

Oriole 

0.741 

336,400 

Lark 

0.806 

397,500 

Hawk 

0.858 

477,000 

Parakeet 

0.9U 

556,500 

Pv.ac ock 

0.953 

605,000 

Planing o 

1 .000 

666 ,600 

Drake 

1 .108 

795,000 

Cardinal 

1 .196 

954,000 

Bunting 

1 .302 

1192,500 

Pheasant 

1 .382 

1272,000 

Man tin 

1 .424 

1351,500 

Plover 

1 .465 

1431 ,000 

Pale on 

1 .545 

1590,000 

Ohukar 

1 *602 

1780,000 

Kiwi 

1 .737 

2467,000 

Expanded 

1 .600 

1275,000 

Expanded 

1 .750 

1414,000 

Expanded 

2.320 

2294,000 

Expanded 

2.500 

3108,000 



^ ^ , IMW ^ rrrr tp, 
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•NORTH AMERICAN MANUFACTURE 


Al/8tccT Xpprcoc im‘i t c 

Mils Stranding current carrying 

capacity, 50*0 
Temperature 
Risef Amperes) 


26/7 

500 

30/7 

530 

30/7 

600 

26/7 

670 

24/7 

730 

24/7 

! 750 

24/7 

800 

26/7 ! 

900 

54/7 * 

1000 

45/7 ■ 

. 1160 

54/19 ; 

‘ 1200 

54/19' • 

- 1250 

54/19 

1300 

54/19 * 

1380 

84/19 ! 

, 1600 

72/7 

2000 

(50/4 )/1 9 

1200 

(58/4)/l9 

1280 

(66/6)/l9 

2100 

(62/8 )/ 1 9 

3000 



Table II Indian Manufacturer IS:398 0961) 


Coyote 

0.625/15.86 

1 ' ' 2 
Em 128.5 on 

26/7 

Tiger 

0.65/16.52 

128 .1 

30/7 

Wolf 

0.71 5/1 8 . 3 

H54.3 

30/7 

lynx 

0.77/19.53 

I 79 

30/7 

Panther 

0*828/21 . 

207 • 

30/7 

lion 

0.875/22.26 

232.5 

30/7 

G-Of't 

1 .02/25 .97 

31 6 . 5 

30/7 

Sheep 

1 .1/27.93 

366 .1 

30/7 

Ic-r 

1 .1 8/29 .89 

419.3 

30/7 

Elk 

1 .24/31 .5 

465 .7 

30/7 


Moose 1.25/3U77 515 .7 54/7 


Table 

III 



COPPER 

0 01© DC TOR 



lumber 

Diameter 

Approx • 



inch/mm 

Current 



G arrying 
Cap; .city, A 


7/0'- 

6/0 

5/0 

4/0 

.5/12.7 
.464/1 1 .785 
.432/10.97 
.4/1 0 .1 6 

480 

3/0 

.372/9.45 

420 

2/0 

.348/8 .84 

360 

0 

.324/8.23 

310 

1 

s .3/7.62 

270 

2 

.276/7.01 

230 

3 

. .252/6 .4 

200 

4 

.232/5 .893 

175 

5 

.212/5 .385 • ■ 
.1 92/4 .877 ' 1 

150 

6 

125 

7 

.1 76/4 .47 1 1 

110 

8 

*16/4*064 

90 

9 

10 

il 44/3 .658 •’ 
.128/3.251 


( 
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TABLE _STr 



Properties 

of Some 

Metals 


Metal 

Specific Resistance 
ohm-m 

Temperature Coeffi- 
cient of Resistance 
per *C 

Specific 

Gravity 

Platinum 

iQ^xlcf 8 


0.003 

21 .45 

Iron 

10 


0.005 

7.86 

Molybdenum 

. ,5.7 


0.0033 

10.2 

Tungsten 

5.5 


0 .0045 

19.3 

Aluminium 

2.7 


0.00446 

2.7 

Gold 

2.4 


0 .0034 

19.3 

Copper 

1 .7 


0 .00393 

8.92 

Silver 

1 .63 


0 .0038 

10-5 ; 
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PROCBD ORBS F OR _ JS .H »V i _DINE __DD 
P art I i Based on St b adjr- -S' in j 1 1 e Op er at ing D imllig. 


This is Part I on q.h.v. transmission-line design. It docs not 
cover system or interconnected network design such as load flow, but 
only the design of the- line from the generating end to the load end. , 
Part "II covers line insulation clearances based- upon power frequency^’ 
light ining,, and switching-surge overvoltage^. 


• This lecture will cover the following topics: 

, 1) Introduction *and problem statement. 

2) Dimensions ’ of typical e.h.v. lines. 

* 

3 ) Design limits and .contraints for 

(i) current density; (ii) voltage limits; (iii) corona- 
inception gradient and margins; (iv) Radio Noise; (v) Audible 
Noise; (vi) Electrostatic field; (vii) corona losses; 

(viii) Dine compensation* 

4) Design Data and Equations. 

(i) Decision on voltage and load delivered per circuit; 

(ii) charge of conductors; (iii) Electrostatic Field; 

(iv) Conductor Surface Voltage Gradient; (v) Corona-inception 
gradient; (vi) Radio Noise level;, (vii) Audible Noise; 

(viii) Corona Doss; (ix) Voltage control at Power Frequency. 

5) Design Examples. 

(i) 400 kV 400 Km 1000 MW with only shunt reactor compen- 
sation; 

(ii) 400 kV 800 Km 1000 liw with shunt reactor \ 50 % series 

capacitor compensation; * 

(iii) 750 W 500 Km 2000 Mw with only shunt reactor 
compensation • 
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1 * THTRORUCTIOH 

Extra High Voltage (BHV) and Ultra High Voltage' (HHV) lines 

for 400 kV to 1200 kV and higher are being exposed to nature ?fhich 

have im portant environmental effects so that design constraints 

have to be not only stringent but also emphasis has to be shifted. 

Upto the ; 345 kV level, line designs have been based upon (a) current- 

carrying capacity (b) use of synchronous condensers and switched 

capacitors for voltage control at line ends, and (c) insulation 

clearance at towers* and between conductors based upon lightning. 

solid 

requirement* Recently, sophisticated /state VAR systems are coming' • 
int o use * 

But at the higher voltages (400 kV and 'above) the important 
factors to be considered are 

(a) current density because of increased loading; , , 

(b) bundling, corona-inception gradient and loss; 

(c) shunt— reactor’ and series-capacitor compensation; 

(d) electrostatic field effects at 50Hz; 

(e) radio interference and audible noise; 

(f) insulation coordination based upon switching-surge levels; 

(g) miscellaneous factors such as ferro— resonance , increased 
short-circuit current in ground, singBd— pole _rec losing; and 

(h) use of gapless surge ’.arresters for both light nin g- and 
, switching -surge duty . 

This paper gives proposed design procedures for e.h.v. lines 
(a) to (e) which are steady-state limits, while the second and ; 
subsequent part describes insulation design requirements based on 
transient considerations, mainly the dynamic voltage rise during 
single-phase-to-ground fault, lightning and switching operations. 

'Design of an e *h.v* line -is always a case-by-case study but 
it is the purpose of these papers to give the outline of procedures 
that can be followed and suitably modified* -The contents of the 
papers .will be useful for line designers,, research workers, managers,. 
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and decision makers * Three examples are worked out to Illustrate 
the application of the procedures to (i) a 400-Km 400 kV line -with 
’only shunt ~*re act or compensation* ( xi) an 8 00-4011 4-00 kV line with 
Shunt reactor and series— capacitor compensation* .and (iii) a -500—Km 
750 IT line without series -capacitor compensation* 

H * TTTMRHS IOHS OF TYPICAL LINES 

i ' ■ Table I gives major dimensions .of some typical lines existing _ 
and proposed in the .world from 400 kV to 1300 kV* A*C« (All dime ns ~ 
■ :z ±6ns are in metres)* 

Table I: Dimensions of Typical Pipes 


No. 

Voltage 

Type 

Conductor Details 

Height 

Spac ing 


kY 

N 

r 

B or H 

H 

S 

1 

400 

S/C ,Hor . 

2 

' 0.0159 

B=0.4572 

13 

11 



s/a, i 

H/0 - . 



— 

13 . 5^-21 .2 
12.4, 21. .6 

... 13.8)'. 

1.3, 

2 

' 735 

S/C ,Hor . 

4 ’ 

■>0.0l 76 
0.015 

.. 0.4572, 

15.2 

3 

800 

S/G,Hor. 

4, 

0 .0204 

0*6 ' 

18 ' ’) 

15 

4 

1-000 ' 

S/C,Hor 

4 

0.023 

B=2ir 

15 ! '• 

17 



6 

0.019 



5 

1150 

S/C ,Hor 

'8 

0.012 

0 .4 n . 

, 1,4*5 or,- 
1 8 *5 or 



- 

oj , L 




23 .5 

*r 






-21 


6 

1150 

Delta 

8 

' 0 .0205 

'' R=0*535 

’26*44 f ■ 

24 

7 

1200 

S/C ,Hor 

6 

0 .0232 1 

' v- 






6 

8 

0.0254 

0 .0207 

■ R=0 *6 

21 

18 




8 

0 .0232 

' 

- 

• 

8 

1300 

S/C ,Hor 

4 

0.026 

B=24 .r 

17.3 

20.5 




6 

0i022 



■ _j * 


8 

IS 

0.019 

- 



^ 1 *\t j / » , "****** % 


'"“III* DESIGN LIMITS AND CONSTRAINTS 
w ,, ll ^, w . „ l . , 

The range of values of major' design limits and constraints 
^ under wnich lines have to operate are given in this section follow' 
ing typical practice! - 1 


EDB-75 


o 

(i) Current Density : 0.75 to 1 A/mm * 

(ii) loltage^amits : EG and ISI Standards. jf 0 n-Standerd 

Nominal kV 345 400- 500 735-765 1000 ~ "TT 50 

Max imum IcV 362 420 525 765 1050 1200 

Suitable compensating equipment must be provided at both 

ends so that bus voltages should not exceed the maximum sti- 
pulated values , 

(■iii) Q^? . QQ a^Inc_e .Gr adient : fair weather, the margin between 

corona— incept ion gradient on the stranded -conduct or and the _ 
surface voltage gradient at maximum operating voltage is kept 
between lo % and- 30$ » Some-lines operate with 0$ margin but 
take measures to counteract high level of radio interference 
by other means such as increasing the broadcast-' station signal 
strengths along the line route if these are few, or -increasing 
the width of line corridor* 

(iv) Radio Noise : The limits for RI are discussed by the author 
in Reference 1 • As of today, no RI limits exist in India. 
However, following practice used elsewhere,- a designer can 
limit -the noise to 40 £& above 1 jaY/m at 1 MHz in order to 

fix the width of line corridor. — 

(v) Audible Noise : limits for AN are discussed in Reference 2. 

The most widely— used design criterion is due to Perry of the 
Bonneville Power Administration in the U.S.A* No limits exist 
for India and. a designer ca3i use a -line geometry based upon 

53 dB (A) in order to ( fix the width of right-of-way (R-0— W) 
for the line corridor. 

(vi) Electrostatic Field ; At 50Hz, high electrostatic fields 
exist which will have adverse effects on human beings, vehicles, 
animals, plants and food crops', fences and buried pipe lines. 
(Reference 2), Again, no limits exist in. India and a designer 
should aim at keeping the maximum value of ,:e.s. field in the 
line vicinity to I 5 kV/m, r.m.s. . This is the limit for let-go 
currents in a normal human being. 
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<Yii> Corona losses: These are of importance in fain and iS ; quite 

Tdif fiTiTlt matter to 'specify at the design stages * There 
are instances when power' stations have been unable to handle 


full -rated load because of very high corona losses . In fair 
weather, a maximum value of 5 .Kw/Km is aimea at. 

(viii) line compensation ; The compensating equipments available 

to a designer arc (a) switched capacitors, (b) shunt reactors, 
(c) synchronous condensers, (d) series capacitors, and , 

(e) static VIE systems* 


These will be described through liue-4-esign examples,*. Scries 

compensation has not been used in India for” lines upto 400 Km- at 
400 kVi But this may be required for increasing the power-handling 

capacity when a line of 800 Km at 400 kV is considered as has been 
d.one in Sweden. . , 

I 1 

7 i '* * ‘ 

IV. , DESIGN D A TA AMD EQUATIONS ,, ’ 

o' ' - ^ 1 , 

(i) Decision on Voltage- and Delivered Load per Circuit ; 


The choice of suitable EHV level for India has formed the' . 
subject matter of many conferences and symposia held,.by the C.B.I.E. 
(References- 3,4). As a start, with equal voltages dt.fhe sending-ahd 
receiving ends with 30° phase difference, one circuit can. handle a 
power of P s 0.5 V /lx, where l=line length and x = positive -sequ- 
ence reactance per phase per unit length. The corresponding percen- 
tage power .less- in transmission is (neglecting corona loss) % p = c . 

50 ic/x, with r=conductor resistance per- unit length • 

Table II shows average values of r and x used,, the power per 
circuit in IS?, and the fo power loss iii transmission at various levels 
from 400 kV to 1200 kV, - • ’ 

* “ * :• i , , 

, * 1 * 

rk « 1 ' V v t , ¥ ” 


J 
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TableIX : Power-Handling Ca pa city, Py and % Bower loss,p 


System 

r , olim/Km 

x , ohm/Em 

length. Km 

"TT/WCT"' 

P> %~~~ 

400 

0.031 

0.327 

400 

640 

5 *1 

"750 

0.0136 

0.272 

400 

_■ ■ 2600 . 

2.7 . 

1000 

0.0036 

. 0.231 

400 

• 5500 

0.85 

1200 . 

0 .0027 

0.231 

400 

8000 

0.64 


(*) Por other line lengths, 1, the .power-handling capacity per 

circuit is inversely proportional to l* Multiply P by (400/1) * 

F 402 CJ& the above table it is evident from the last column that 
2 

to keep the I r— heating loss to a minimum, higher voltages have to 
be preferred in order to conserve energy. Also, one 1200-kV circuit 
can handle as much power as 3~750 k? circuits and 12-400 kV circuits 
for the same distance of transmission. This will decrease the width 
of line corridor * 

(ii) Charge of Conductors : _ • 

Many e.h.v. phenomena depend on the 50Hz charge per unit length 
on the conductors. These are (a) ..the e .s . field, (b) RI and AH' 
caused by corona which depend on the conductor surface voltage gra- 
dient, and (c) corona loss* The charge per unit length on_the 3 
phase-conductors is given by [^q.3 = 2lTe 0 LMIlT 1 r where the aatfaljr 
L k 3 = jjP J 9 with [ P~]= Maxwell’s Potential Coefficient Matrix. 

Its elements are P^ = In (2Hi/R e ^), P^=ln i/j j i»3 = 

1,2,3. Here, Hi = average height of conductor i = «(tBri mum height 
+ sag/3, • = aerial distance between conductors i and 3, 1^- = 
distance between conductor ’i above ground and the image of conductor 
i below ground, and -1L = R (H • r/E) 1 ^ = geometric mean radius’ or' 

equivalent radius of the H— conductor bundle with sub— conductor 
radius r distributed uniformly on a circle of radius R. 

The inductance matrix is t.lj = 0 .2 \ P j , pH/m, and the capa- 
citance is £ C^ = 21fe 0 L.^O *' H/m*. 
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(iii)' * Electrostatic Eield~ 



The equations for the. field at any point (x,y)in the vicinity 
of the line from an origin placed at any convenient location (usually 
at ground level under the centre phase) are given as follows: 

‘Vertical component : S T (i)=(q^/21Te 0 )^ (Ej-yJ/i^+tH^yVCXh) 1 

f 2 1 2 - 

Horizontal component : B fa (l)=(^/ 2 1 ^ e A )^ x ~ x i ^ ll^i ^ ^i^ j 


p 2 

where’ ‘ = (x-x i ) + (y-H^) 

and (d 1)^= (x-x i ) 2 +(y+H i ) 2 

3 

Total field : = |2 E 


Z ') ' 

) i?=1 ,2,3 

I (x. horizontal 
’ 1 conductor 

1 i=1 


coordinate, of 
i) . 



:“:u\ 

Phase- 


Each of these is a 50-Hz quantity so that addition of 3 phasors • 
and determining the resulting amplitude is a straight-forward pro- 
cedure.,. Ref erence 5* 'The charge q^ is that of the 'entire' bundle and 
is calculated --from the: known transmission voltage matrix [ V j = 

V[sin wt> sin (wt-l2bH sin (wt+12o°-)j| , and -the matrix'll K 3 l which 
depends only on the line dimensions * The voltage to be used is .the 
r.m*s # valtqe of the line -to-ground' voltage in kV in which case the 

^Jcj£ * & v ' 1 , ] 

amplitudes of vertical, horizontal and total e *s * field will be in 
kV/m i r *m »s i • 

v '" r '' /*, * * 

(iv) Conductor Surface Voltage Gradient : 

C^.ja-bundle-conductor, the surface voltage gradient on the 
sub-conductors, will vary along their periphery, Reference 7'. The 
maximum value, is. very- closely given by 

If- w 

E max = ( ?0/H) .(Vr) -Ll+(H-1 ) r/Ell . 
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(v) Goyona-Inception Gradient 

In this paper, Peek 11 a formula is used* For a stranded -conduc- 
tor of, radius r metre, the corona-inception gradient is 

l * , , .V 

B or = 2140 m b ( 1 +0 *03 Ol / </r S ) , kY/m, (r.m.s 4 ) 

Here, m ~ a roughness factor =0*8 to 0.7 in. fair weather 

= 0.65 to 0*55 in rain . 

6 = air-density factor = (h/10l3)(273+t Q )/(273+t) 
b = barometric pressure in millibars^ 
and t = temperature °C . 

Is of the present time, Indian Standards specify t D = 20°0 but 
will consider 27°G as future standard. The barometric pressure 
varies with elevation and temperature • (References 8,9) 

(vi) Radio Noise Level : 

The O.I*G*RJS« Formula is used in this paper for voltages upto 
750 kY which have 4 sub -conductors in the bundle* The formula is 

(References 10,12) • 

. u. ;.-.r . _ 

RI(k) = 0.035 E m (k) + 1200 r - 33 log [_ R(k)/2o] *30, dB. • 

Here, E (k) = maximum surface voltage gradient on any conductor k,. 
(k = 1 , 2 , 3) in kV/ra,. 
r = sub-conductor radius in metre,, 
l(k) = aerial distance from phase conductor k to the.pjo.int * 
where the RH level is tb be evaluated , in metres * 

In order to add the HI. contribution due to all 3 phases, rules are- 
given in GISPR Publication.^ Ho *74, References 12,1,3* The -abo^ 
formula applies in average -fair weather at 0 .5 Mhz while at 1 MHz 
the RI level is 6 dB lower. If one of the ,3. calculated values of 
RI(k) is higher by at least 3 dB than the other two, this highest 
value is taken to be the total RI. level of the line. If one of 1 ' the 
RI(k) is lower than the other two by 3 dB, then the total RI leVel. 
of the line is RI = £ (sum of the. two highest.*' 3) dB* ‘l\ 
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(v±x) Audible Boise i 

In this paper, the formula developed by the B.P.A. is used. 

For' Iff <3 the formula, is (Reference H) 

AH(k) = 120 . * 55 log' '(2 r) a 11 .4 Iog£ D(k)) - 245 4, dB(j 

3 ?or 1^3 in a zhundlb, add' &6 *4 log.(H). - 13 - , dB (A) . 

to the above expression. For KM-, this, is .2* 894 dB(A) *• The total 

Sound Pressure level due to all 3 phases is 

SP1 = 1o. Log-j 0 10 0 * 1 dB(A) . 

10 Jc=1 

(viii) Corona loss : 

Of the many formulas available, the following is used which is 
due to Ryan and Henline, Reference 15 • ’* 

% = 4 f <57(V-y ), Mw/Km, 3 ~phasey 

where f = frequency in Hz> C = dapacitanee of line to ground in 
F/Km, V = r.m.s. value of power frequency line-to-line voltage in RV 
and = r.m.s. value of corona-inception voltage in kV • 


(ix) Voltage control at Power Frequency s 

The equations relating the sendingvend voltage and ourrent witt 
those at the receiving end are 


s 


s 


A , B 

.0 D 


V 

2 

I r 


with.A^D, AD-BC =* 1 


The generalized constants AyB,C,l have the following values , 

(with 2 = (r + 3 wl) 1 and Y = ';jwcti) : 

< a ) gor - ofcil Y ^he -line : A=B=cosh pi, B-Z^ sinh pi, C = (sinh pI)/2 

p 7 ‘ .*• -- JWF*. - 

r,i,c -distributed resistance, inductance, and capacitance of line 
per Em. 
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p. Z Q = propagation constant and surge impedance of line 
and L = line length in km. 

The quantities A,B,C,D, p and Z Q are complex with magnitude and .. 
angle** 

(b) Shunt —re act or compensation : 

When reactors of admittance each are connected at the 

two ends of line, the total A,B,C,D constants are 


Arp » B fj 

i 

r 

'a 

B " 

! 

~G B i 

B 

y 

0 ~ 


i 

! c 

, 30 . 

L » V\C> 

2A-gB L B 

y 

B 




- 




(c) Series Capacitor of Reac tance (-\jX ) located at t-ina . centre 


Ay > By 


‘a , B n 


Sinh pL, , 2 0 (1+cosh p 1)1 




-HK/MJ 


Gy , ly 

Km +r 

1 

c , D, 

J 1 

(cosh pL-1)/Z a , sinh pL ! 


Line 


(d) Shunt reactors at line ends and series capacitor at middle 


p ®rp 
> ^rpj U 


A ,B 
C,D 


*D B-, 




B 


0 


21-jB-^B , B 


4 






2Z 


SinhpL, 


Z Q (1+cosh pL 


X B t 
c 1 


o coshpL— 1 . * T 

< _£ , smhpL 

L o 


0 


1+ cosh pL, 

! 

4- sinhpL-jB T ( 1 +c oshpl) , 1 +c oshpL j 


Note: All ’quantities except By and X Q are phasors with a magnitude 
and angle' • ' ; 


X | 
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7. DBS IGF EXAMPLES 

The design procedures using the constraints and limits set 
forth in previous sections will he illustrated by applying them to 
the following types of situations: 

1 a 400 kV, 400 Km, 1000 Mw with only* shunt reactor compensation* 

2. 400 kV, 800 Km, 1000 Mw with shunt reactor and 50 % series capa- 
citor compensation* 

3 *. 750 kV, 500 Km, 2000 Mw with shunt reactor compensation. 

It is believed that these will be in keeping with future e.h.v 
transmission that might be used in India* 

P ower-Handling Capacity and Humber of Circuits 

2 

Using the equation P=0*5Y /In and the values of x given in 
Table II, there results : 

1) Y=4Q0kY, 1=400 Km,, 0*327, P=0 «5x400 2 /(400x0 *327) =640 Mnr. 

Two circuits will be generally necessary for transmitting lOOOMw. 

2) 7=400 k7 , 1=800 Km, -1x^262 ohms-' Yfith 50$ series-capacitor 
compensation, the total series reactance drops to 1 3 "! ohms. 

**» Power handling capacity per circuit = 640 Mw and 2 circuits 
will be necessary. We assume that each. "circuit will handle 500 M 

3) V = 750 kY , 1=500, x =' 0 472 ohm/Km » . P = 2080 Mw* and one 

circuit will be sufficient* We have to remark that such a , 

scheme will not proviue a e Inability in case of line outage* 

5 . 

li ne clearance and Phase Spacing 

As recommended by the National Electrical safety council, mini- 
mum clearances at midspan will be (a) 400 kY - 9 m (29 ft .) $ (b) 

750 kY - 12 m. (39 ft*). 

Using Table I, the dimensions used in this paper will be : 

(a) 400 kY : Min. Height = 9m, Sag = 12 m, Av. Height 9+^xl 2=1 3m 

(b) 750 kY : Min. Height = 1 2m, Sag = 18 m,, Av. Height = 18m 
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Phase spaaing is based on ‘-recommended clearances for switching 
surge* Eor 400 kY, the phase spacing will be 12m* At 750 kY,, the 
phasefspacing is 15m*. 

Choice, of Conductor Size 

A 2— conductor bundle for 400 kY and a 4— conduct or, bundle for .7- 
7,50. kY will be used with spacings of 45 cm between sub-conductors* 

The conductor sizes are r = 0*0159 for 400 kV and 0*0l5 to 0*0l75 
for 750 kV * .These sizes will be checked for (a) corona inception, 
gradient (b) margin between this gradient and maximum surface vol- • 
tage gradient at operating -volt age , (c) electrostatic field, (d) HI, 
(e) AIT and (f) corona loss. 

(a) Corona inception and Margins : With roughness factor m=0*7j ** =1 , 

(i) E Qr = ‘2140 (1+0.030l/>/~0'*0T59)x0*7 = 1856 kV/m for 400 kY 

(ii) E or = 2140 (U0.030l//0^0l5)x0.7 r. */l86frJ®/a 

(iii) E or = 2140 (1+0 *0301 / J 0 »0l 75 )x0 *7 = 1839 kV/m j for 750 kV 

4.00 kY : Using N=2, r=0*0l59 , R=0.225, S=1 2 ,, and H=1 3 , the maximum 
surface woltage gradient on the centre phase conductor comes to 
16*82 kV/cm = 1682 kY/rn at the maximum operating voltage of 420 kY, 
r,m*s. The margin is x 100% = 9 *4% * This may he consi- 

dered satisfactory. 

If 30% margin has to be maintained, the centre-phase gradient 
has to be limited to 0*7x1856=1300 kV/m* This requires conductors of 
nearly 1 *5 inch diameter which is equivalent to at least the Plover 
of North American manufacture.- (Reference 16,17)* 

t ^ 

750 kY : With N=4, r=0.0l5 JEM) *3.1 82 ( = .45/72) , S=l5, H=l8, the 
centrerphase gradient is_l9*9 kY/cm = 1990 kY/m. -Therefore, with 
corona-inception gradient calculated as 1866 kV/m, eorona'has 
started * 

But with r = 0 .01 75 , ‘ the maximum gradient is 1 7 *4kY/bn'=1 740kV/m', J 
which is lower than the corona— inception gradient of 1839 kY/m. The 
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margin is x 1 00% =54%. In the ease of the outer phases 

the margin comes out to be nearly 1<$. Theso values will be used 
further to check for RE, M, etc. further calculations will be' 
based on r = O.Ol75m. 

(b) Radio Boise 

400 RV : Here, the maximum surface voltage gradients arc i centre 

Phase — 1682 kV/mj outer phases — 1600 k//m, 3 ?rom the CIGRE formula,, 
at 15 m from the ’outer phases the RI levels due to the 3 phases come 
out to be RI^-J y = 45 dB, RI^) = 42 dB, RI^) = 36 dB .. . • RI of 
line is i (45+42+3)=45 dB at 0 .5 MHz and 39 dB at. 1 Mz. At the edge 
of right —of -w ay , the level is to be limited to 4.0 dB at 1 MHz* 
Therefore, the width of R-O-W extends to 15 m from the outer phase. 

750 kV r = 1740 kV/m, E w „ = 1650 kV/m, At x = 15/ m from outer 

■tt - r i -"r- , MM jr -„,»™ me mu , 

phase, CIGRE formula gives RI(1) =46*5 dB, Rl(2)=43*9 dB, RI(3)= 

36 dB. .% RI. =s 46.7 dB at 0 .5 MHz and 40.7 dB at 1 MHz . This is 

slightly above 40 dB . . At 1 6-*5' metres from outer phase, the- RI level 

* 

works out to be 40 dB . This may be considered as the edge of the. 
R-O-W . While these values can be used for preliminary designs', it 
might be worth noting that the OIGRE formula has a dispersion of 
+ &.dB at 0.5 MHz . Therefore, it is fruitless to specify the edge 
of R-O-W with any great degree of assurance at this stage. Please 
see Reference 1 for all other considerations, especially, for 
Signal/Boise ratio basis for setting RI limits • 

(c) Audible Boise 

4-00 kV ; AB(1 )=4l *3 dB(A), AB(2)=42.4, AR(3)=37*7 at 15 metres from 
the outer phase . - • 

SPI. = 10 Log rjo 4 * 1 3+4 .24+5 .77 ] = 46 
This is less than the limit of 53 <33 (A) . The width of R-O-W gover- 
ned by RI level is therefore used, 
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750 k¥, At- 15 metres from the outer phase, 

Al?(1 ) = 48, AB(2) = 49 and M(3)= 44.3 SB (A)* 

.*’» SP1 = 52*3 dB(A) • The_edge of R-$-W at 1 6 *5 metres from, outer 
phase is O.K* from A2T point of -View* 

(d) Electrostatic Field . 

4:00 kV: 
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The maximum ground —level field at 420 kY w or ks out to be 8kV/m,_ 
r.m.s* This is. .lower than the limit of 1 5kV/m. Therefore, the line 
dimension's are satisfactory. (References 18, 19) * 

750kV : The maximum ground-level e .s . field works out to 6*7.k¥/m* 

, t * 

Rrom the and £_MJmat rices, the positive-sequence inductance 
and capacitance are : •. • 

400 kV : 1 = 0.985 mH/Srn, C=lo*82 nl/Km 

750 "kV : L = 0.866 mH/Km, C = 13 hF/Km. 

( e ) Corona Loss : 

Since the corona— inception gradient is higher than the surface 
voltage gradients, no corona— loss is anticipated in fair weather. 

750 kV : When using r = 0 .01 75 metre for the sub-conductors, no • 

corona is present and loss is not of consequence in fair weather* 
Important Rote 1 It is emphasized that the design procedures laid 
down here are not the only set of steps. The method followed in 
the U.S *R • Consists of fixing the conductor size based on current 

density point— of— view for the load carried and the voltage, and 
then selecting the spacing between the phases from considerations 
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of surface voltage gradients* This usually requires conductors 
larger t han used elsewhere* In the U*S.A*, line designs for 750 kV 
and higher (11 50 kV) are based on selecting the 'line .clearance . 
from the point of view of -keeping the electrostatic f;iqld to below 
9 k¥/m, and then fixing other dimensions . 

(f) line Compensation 

The line parameters calculated from final dimensions are : 

* 1," mH/TCm ' C, nff/Ejn X, ohm/Km Y, mhd/Km r, ohm/Km 

400 kY • 0*985 10*82 0*31 3.4x1c” 6 0.023 

, . a- t- 

750 kY- 0*866 13 0.272 4. 082x1 o” 6 0.0136 

‘ Example 1 : 400 kY, 400 Km, 500 M?/circuit 

£ = 9 *2+j 124, " Y=o 1 *36x1 o” 3 , /z/? = 302 *3- /-2»1 

vTzi = pi = 0411 / 88° , cosh/zr = 0.91 7 /*36° , sinh^/ffif = .4 /88° *1 

Eor the line s 1=3) = .0.917 / *36° ,, B=l2Q.-77 /86° , 0=1 .32x1 0~?2* 
v • Shunt reactors of 50 MYAR at 400 kY may be used at each end 
with Bjq = 0*31 25x1 o” 3 mho. 

* * • A j ~ IDjj = A *■* - 3 — 0 *955* ** 

* ■ * 

Tfe select a sending-end voltage of 400 kY, giving a load-^end voltagi 
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of 7 e = Y s /A t = -41 8 .85 kY which is below the maximum allowable 
value of 420 kY. B^ = 120*77 / 86° = B. 

0[p =0-B E B-j2B I A = 0.65x1p~ 3 / 90° . 

.*». 1° compensation = (1 .32 -'.63) loo/I .32 = 52.3$. 

With Y-g, = 4l 8 .85 kY and Y 0 = 400 kY, the centre and radius of 
receiving end circle diagram are as follows. 

Centre : x. = -J(Y E cos (S-g-& A ) - - 96 *8 MYAR. . 

y = - |(V E A^/Bj)) sin (e B -e A ) = - 1384 MAR 

Radius : R =|y|' A^/B^ = 1387.3 MY A 

Bor 500 I.S7, required switched capacitors amount to <^=132 MAR 
for unity power factor load. If load power factor is lagging, more- 
capacitive compensation across load will be required. Bor example, 
at 0.95 log, total IvIYAR in capacitors is 287* 

Example 2 ; 4 00 kY, 800 Km, 500 Mf/circuit, 50$ series capacitor 

Compensation , ™ 

y - 

Z * l8.4+j24‘8 = 248.6 /85°8 > I = 2.72xl0~ 3 /90 °> £ q =3Q2 ,3 /-2°1 ,, 

pi = /Sy = 0.822 j 88° , cosh pl'= 0 .681 7 /l °7-65 sinh /il = 0.733 /88^ 5 

Bor the line : A = 3) = 0 .681 7 ^1 .765 ° > B = 221 .5 / 86 .37 ? C = . . ' 

2 .424x1 Q~ 3 / 90° '6 . Bor the series capacitor, X c = 124 ohms. 

Yoltsges selected are V R = 420 kV, Y g = 400 kY, giving 

I A $l =y s A r = 0 . 9524 . 

A^^A-oB^B-j g - ° -|r- sinh V5r - i X Q B^ (1 + cosh /&Y ^ . 

= (0.83166 + 116.81 B l ) + j (0.021 - 15 .33 B^*) 

Hi is gives B^ = 1 .0333 x lo" 3 ’ mho and 165 MYAR at each end at 400 kY . 

A^ = 0.9524 / *31 3 ° . 


Bjj, = B - j i X Q (1 + cosh/ZY) =117.8 / 82°.5 
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C I 


4 * 


1. 


- 32 B l a - j V ; 


cosh V s 


1 X 0 B t 

— sinhjM 

O o' 


+ d 4 x c B i cosil 


= 0*802 x 10~ 3 / 89°« 7. ■ 

Charging current = 0^, = .185 A, MVAR = 128* 

$ compensation provided by shunt reactors = 67$ • 


Centre of receiving end circle : — 1 93 *5 HE , - I 4 I 3 MV", A *<v * 

Radius R = 1426" MVA « 

Required switched .capacitors at load end for '500 MW at unity power 
factor = 1 67 MAR. 

Sxam£le_3: ■ 750 -kV, 500 Km, 2000 MW . 

A=D=cosh pL = 0.866, B=129.2 /90° , 0=1 .945x1 0~ 3 / 90° » ■ . 

Try Y r = V s = 750 kV. ,,A T = 1 =-A-q B l B giving B^ = 1 .037x1 0~ 3 mho. 
At '750 kV, MAR = 585 at each end . ‘ ' * - ' 

0^ ='0 * j2A B L - B^. B= 9xl0~ 6 _/90^ _ • 

, ^ ^ ' * # 

fo compensation = 95$* This ! may be too much.Por ,50$, compensation, ... 
or 300 MAR‘ at each end, for V = 750 kV, V comes to 700 kV . 

Bor 400 MAR compensation in shunt reactor at each eud-j V g =720 kV 
for = 750 kV » This will be selected'. Rrom circle diagram, for 
2000 ME load at 1 .0 p .f switched capacitors for 500 MAR are" ' 
required. ' 
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PROCEDURES FOR B *H .V . XINE INSULA I ION DESIGNS 
PART 'll : BASED HPOH TRANSIENT OVERYOIZEAEES 
I„ UTRQDUCPIOF 

Selection of 'conductor size, bundling, and 'Other geometrical 
details of an e*h*>v. line was the subject of discussion of Part X 
of this work,. Reference 1 * The present chapter; discusses .insulation 
requirements based upon overvoltages caused by (a) power frequency, 
(b) lightning, and mainly (c) switching. These govern (i) insula- 
tion clearances, (ii) insulators and air-gap clearances required 
at towers, and (iii) insulation clearance between phase conductors 
in the span between towers* 

Pield studicsconducted on an existing system, whose design 
has already been finalized and put into operation, are only 
helpful in checking the design adequacy of that particular system', ' 

.and in addition provide a lot of data for a similar system in future. 
These field studies can also offer the basis for checking calcu- 
lated values of overvoltages from model studies, which can take 
the form of physical models on a Transient Network Analyzer (TNA 
or ANACOM) ) and mathematical models using the Digital Computer* 

As such, all these studies are complimentary to each- other. The 
results of field tests conducted on one system (or TEA and Digi- 
tal computer study) should &ot be used for designing -a future system 
elsewhere, as has been proved to be the case in most system desi- 
gns carried out in North America, where field testing is being 
continuously undertaken by utilities at greht expense . If ‘such 
were not the case, then only one field test on any one system ' 
would' have b ceil ’ ad e quat e * 

• • ■ The principles upon which insulation levels are selected, 
arc 1 only twos „(1) A knowledge of all relevant properties of 
overvoltages which a . system 'might' experience;, and (2) a knowledge 
of insulation characteristics for all .types*# f voltages to which 
it will be subjected^ Both of these factors have been the sub— 
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ject setter of very extensive, exhaustive, expensive, and enlightens 
studies all -over- the world where e *h.v laboratories:*^ been . 
very active in this field of research and development* As such, 
only the broad principles will be discussed here to synthesize the 
present’ state of "the art and provide new formulas tto apply to the 
design of line - insulation • Specific cases of a 400 —kV lino and 
a. 750 * 45:7 line will -be presented in order to realize the design 
procedure and to check its adequacy* 

ho design procedure can be considered as yielding the final 
result, because all such studies lead to the main objective of 
evolving a preliminary design for the tower structure details and 
clearances, which will then make it easy during mock-up studios to 
verify and finalize the design. BHV line clearances have now 
become so large that they have reached the saturation region in 
the gaplength - breakdown or withstand voltage relation so that 
, even a slight reduction in the switching overvoltage magnitude 

i <■ * • * 

brings about a considerable decrease in air-gap clearance required’, 
resulting in economy*. 

II. DISCUSSION OB RdD-PDANE GAP PESICT 

The basis for selection of air-gap clearances bctwccn’_ony 
given type.> of electrode geometry can be related to the rod-plane 
gap properties • As a preliminary example to illustrate the proc- 
edure, of selection' of insulation clearance and the effect on non- 
linearity in the Yj- n -d relation, where V K _ = critical flashover 

t tft \ | ' j ; 

(50% probability) voltage in kY and d = gap distance in metres, we 

assume the positive switching-surge formula of Derby and G- allot of 
E*de E • which is Y^ = 3400/(1+8/d) , Reference 2 * We now apply 

this formula for a 400-kY line and a 750-kV line *., ( [D,he 1 p .u. 
line— to— ground crest value is 420 J 2/3 = 343 kY at ; t-hc. rnaxi mu m 
oper atin g voltage of 420 kY, r.m*s.*, for the 400-kV line, ,and , , 

75642/3 = 6 1 2 .4' kY crest for the 750*TkY line.. Dor switching surge 
levels of 1 ‘* 8 > pj*u*. to % p*u., the required air^gapj Ipngths arc 
calculated and as a' comparison calculations arc also made accor-^ 
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ding to Parish formula, Reference 3 i Y^ = 500 d 0 *^* The with- 
stand voltagS for all gap, lengths is assumed to be Y^q/ 1 ^ 15 * 

Table I : Rod-Plane Gap clearance for 4Q0-kY and 750— kY lines 

Rased upon Positive Switching Surges (voltages in IfT, 
gap length in metres) • 




400-kV 

Line 


750- 

-kY Line 


P.U. 

value 

K S 

With- 

stand 

V„=343 

K S 

CEO ' 
V=1 *1 5 

V W 

8/(%°2 - 1 ) 

d 2 - 

(— )1 .66] 
500 

Y„= . 

V W 

612 .4 Kg 

0P0' , 'd 1 

F= 

1 .15 

Y™- 

W 

d 2 

1 .8 

617*4 

71 0 

2*1 

1 .8 1 

1102 

1267 4.753 

4.712. 

2.0 

686 

789 

2.4# 

2.14. | 

1225 

1408 5.66 

5.62 

2.2 

754.6 

867.8 

2.74 

2.51 : 

1347 

1549 7 ■ 

6*59 

2.4 

823 .2 

946*7 

3.09 

2.9 | 

1470 

1690 7 -9^ 

7*61 

2.6 

892 

1 025 .6 

3 *455 

3.31 

1592 . 

1831 9.34 ' 

8.7 

2 .8 

960.4 

1 1 04 .5 

3.85 

3 .75 i 

I7I5 

1 9172 1 1 .05 

9.85 

3 *0 

1 029 ( 

1183.4 

4.27 

4 r *2 

1837 

2113 13. 13 

1 1 .04: 


The above figures reveal the following properties! 

1) Por the 400— kV line, an increase in switching-surge magnitude 

from' 1 *8 to 3*0 p.u* (an increase of 66*7$ over 1.8 p.u.) requires 
an increase of 1o3*3$ ( 2.17 m> over 2*1 m) in air-gap .when using the 
Leroy and Gallet formula. Paris's formula gives a 2*4 , m increase 
over 1 *8 m or 133 * 3 $ for tho same .range of svf itching— surge magni- 
tude change of 66*7$ over 1 .8 p*u. _ __ 

2) Por the, 750-kV line, the iion-linear effcct : ±‘& more 5 pronounced'* 

* 

The gap length has increased from 4 #753 m to 1 3 *1 3 ' nr, an increase of 

» - ■ <, i-’ 

17 for 66^7$ increase in voltage* 

****" "C ^ 

'The calculations given above arc based on certain important 
assumptions which have experimental basis, but have serious limi- 
tation if applied universally. Therefore, in the opinion of the 
author, each case must bo chocked for adequacy on a mock-up. in an 
e .h.v* laboratory? . These limitations will be detailed in later 
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se.et ions • The assumptions made for these calculations arc as, 
follows '} , ■ 

a) The withstand voltage is 1 5f°- lower than ~co 50/° flashovcr 
yoltage Y^ 0 • 

h.) This is based on the well— known aid nearly un Ivor sally —adopt cd 
rule that the withstand voltage is 3 standard deviations holow 

the 010,. " - 

c) The standard deviation is <F~ - 5i° of ®Q. These are average 

values aaitshow wide variations in practice which depend on 
several ..important factors such as . 

i) the choice of waveshape of switching.. surge; 

ii) the variation of er with the wavefront time of surge as 

well as the gap length; 

iii) atmospheric conditions; and 

iv) t that the flashovcr probability follows a Gaussian 
distribution with a known median value and standard 

t 

deviation* 

In addition to the above two formulas, V^q = 3400/( 1+6/d) and 

500^*^, which have been used before, there are several other 

formulas 

empirical available in the extensive technical literature 

on the subject of flashovcr of long gaps, (Reference 4 and bibl- 
iography given in Section. X.) • Some of these arc quoted below for, 
the CFO or 50 ! % flashovcr voltage. The values are crest voltages. 

and for positive polarity (except for a*c.) and in kV when the 
gap length d is in metres* 

Gap Geometry lightning 1.1. Power Frequency 

1) Rod-Plane 1 .25/5Ckis: 500d 652d 0 * 576 

500d 

1/50:667d 'SOOd+l* 455d+25 
1 *2/50: 540d 

2) Rod-Rod 1.2/50fs: 555d 500d 

580d 


Switching 

Surges 


535 *5d 

5001° * 6 
3400 (lid 


552 



1 oo( 

1 2 o/4-QQus 

6S7 *d°*° 
350/23q0uB 
0 .429 


872 .a 
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HI. CQffl)UCT0R-T0~T0WBR A KD COITOTJC TOR- TO-GROTOI) OIEARAHCB 

The ro d-plane gap length rcquirc-d -for posit ivo-polarity . 
switching surges ranging from 1 *8,p.-u. to 3*0 p.u* on a 400-kV . 
line and a 750*~kV line hare boon given in the' previous section* 
The conductor— to— tower clearance is determined through a f gap. 
factor 1 --K=1 *3 when the tov'/cr structure is above and lateral from 

the conductor. This means that the CEO for this electrode confi- 
guration or geometry is 1 ortho GEO of a rod -plane gap of the 

same length* This, is based on the work of Paris*. 

Having calculated the co..iductor-to~tower cloarencerd, the 
minimum c endue or-to-ground plane clearance will be taken to be 
h=4 .3+1^1 metres, Reference* 5* 

Accordingly, the following vaIu's for conductor— tower and 

conductor-ground clearances will be typical for the 400kV lino' 
and 750~kV line* - ' 

Table II* Oonductor-Towcr and Conductor-Ground Gaps for 400-kV 
and 750-kV lines 


P.TJ.S.S. 

1 *8 

2.0 

2*2 

2.4 

2.6 

2 *8 

3 

.0 

Conductor— 
Tower Gap 

d = (V 

50 /650) 

1 *667 ’ 

j 

metres 





400 kV 

1 .16 

1 *38 

1 *62 

1 .87 

2 . .14 

2 .42 

2 

.715 

750 kV 

3 .04 

3*63 

4.25 

4.92 

5.62 

6.36 

7 

.133 

Conductor- 
Ground Gap 

9 I 

■=t! 

i! 

.3 + 1 4 d 

e 





400 kV 

5-924 

6.232 

6.57 

6.92 

7-3 

7.69 

8 

.1 

750 kV 

8.56 

9.38 

10.25 

11 .2 

12.17 

13.2 

14 

.29 


IV< PHASE-T 0— PHASE CIEARAHCE 

The: phase-to-phase clearance required from switching-surge 

considerations are also designed on the same principles* An 

* * ,*1 

average l gap factor 1 for conductor-conductor GEO oyer a ground 
piano can be assumed to be 1 *8 (Reference 5) which allows "rod— 
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piano gap. CFO -values- to be translated to -apply to the conductor- 
conductor gap which will be 7^=900 I 0 * 6 . In' 'this ease, wo harc . 
to- design the required gap on the. basis of expected maximum phase— 
to -phase switching -surge magnitude. This will be taken to range 
from 2*5 to 3*5 p.u.-with 1 p.u* = 34-3 kY for the 4-00— kV line and 
612 *4 kY for the 750-kV line. .Then, the following clearances 
bet?/ccn phases far from the tower .will- be typical* 


Table III : Phase- 

-to -phase 

Clearance for 400— kY 

and 750-kV 

lines 

(voltages in kY crest, 

d in metres) 


2*7 

2.9 

3*1 

3*3 

3 .*5.; • 

4.00— kV Lino 






V w , lev’ crest 857*5 

926 

995 

1063 

1132 

1200 

V 1J5V * S86 

1065 

1144, 

1223 

1*302 

1.381 

d, rod -plane 





• 

( 53o -) ' 3 * 1 

3*5 

3*97 

4.44 

4.93 

5.43 

d, cond «~cond * 






C ^) 1 ' 667 1064 

1 *324 

1 .492 

1 *67 

1 -.85 

2 *04 

750-kY lire 





» * . 

I 53 I 

1653*5 

1?76 

1898 

2021 

' 2143 

t 5» 1761 

1902 

2042 

2183 

* 

2324 

2465 

d„ „ . 8.15- 

r— p 

9.27 

10.44 

1 1 .66 

12.95- 14.28 

d c~c 3 - 06 

3.48 

3.92 

4.38 

4 ,. 86 

5.36' 

Once again, these are 

based' on 

the ai 

ssumptions that (a) the 

withstand voltage : 

is 3 <J~ lower than 

the CFO, and. 

_(b) the standard 

deviation #* 1 =5% of 

CFO • This has serious 

limitations « 


From these discussions, it should be evident that design of 
insulation clearances is based on an immense amount of experiment- 
al investigations. The sections to follow will discuss the need 
for correction factors to be applied to the previous type of cal- 
culations before the final choice of insulation clearances is made* 

Before this is carried out, we 'must check whether the pre- 
vious air-gap clearances from eonductor-to-towcr arc adequate for 
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power-frequency and lightning voltages. 

V<» GIS&RARCES BOB POWER PREQUBxTGY AND LIGHTNING- 

In carrying out the chock for the adequacy of the ah ovo -cal- 
culated clearances based an positive switching-surge considera- 
tions, several governing criteria arc postulated below: 

1) Extreme angle of swing of insulators from vertical will, be 

a) tor Power frequency ; 60° 

b) for lightning Impulse :30° 

c) for Switching Surge : 15 

They arc based on the assumption that powc-r -frequency exci- 
tation is continuous and maximum swing under a severe , storm, is 
60° ♦ lightning strokes and insulator swing arc based on observed 
probability of simultaneous oce'urenco, as also for switching ope- 
rations. During thunderstorm activity, wind gusts arc less severe 
than in storms' and the maximum angle of swing is assumed to be 
30°. Switching surge flashovcr, which is assumed to occur once in 
500 operations at the yT -level postulated earlier, is taken tc 
occur when the maximum swing of insulator is I 5 P* These arc pro- 
bability events and must bo ascertained on a cnsc-by-ca.sc study. 
Projects especially devoted to such study arc therefore of the 
utmost importance, Reference 6* 

The .practice in the: USSR is not to allow any swing when 
considering,, the clearance required for switching surges. This is 
based .on the assumption that the probability of swing occurring 
simultaneously with maximum possible switching surge .is nil, 
(Reference''?). 

2) The ratio of min im um air-gap length inside the tower window to 
the length of -insulator string is usually 1 from switching-surge 
consideration* 

These will form the bases for cheeking design adequacy for 
power-frequency and lightning voltages-*' . 


f 
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surge - Oil -the ' 750~kY line 


An example of a 2 p»u* swrccning . 
will be discussed* With surge-suppression resistors, in breakers, 
this is a valid value* The procedure for other p*u* values and 
other voltages are similar* from previous calculations it has 
been observed (see fable II) that the requires, average clearance, 
to tower is 3*63 metres. With an insulator length 1 and 15 swing,, 
the width of tower window is 2(3*63+1 sin 15-0) while the depth is 
(1+3.63)* Drawing a circle for the window, there results 2 (3 *63 + 
Lsin 15°) = 1+3.63 giving 1=7*325 m'(24.7 ft). The size of window is 
7*525+3.63=11 .155 m (36*6 ft)* The actual tower window could be 
of a !p r shape provided 'it accommodates these clearances • A length 
of 7 * 5 25 m for the insulator will accommodate about 45 discs and 


hardware * 

Dram data available of insulator flashover .tests , for 2 p.u. 
switching surge of 1224 kY on the 750— kY line, the required irsu- 
lator .length based on dry flashover is 4 *3m (14 ft) with 26 
discs. Allowing 40^ more for wet flashover 1 , the' insulator length 
oan be increased to 6 metres and 36 discs. Under dry conditions 
the ratio of insulator lehgth to the minimum strike distance is 
4*3/3.63 = 1 .185 while the final value is 6/3*63 = 1 *65 * This gives 
the distance from the bottom of the top cros.s— arm to the lower 


brace of the tower window to be 3*63 m, while the strike distance 
to the side is still kept at 3*63 m at maximum, swing of 15°. With 
6m length for insulator and 15 ° swing allowed, the clearance from 
the rest position of insulator to the side is 3.63+6 sin l5°=5.2m 
and the tower width will be a minimum of 10*4m* Thus, the horizo- 
ntal and vertical distances of the tower window are nearly equal 
(10.4m, 9 *63m) • Conditions will be different if. a double 90°— Y 
string is employed for the centre phase in the window * 

In practice, .a leakage distance of 2*25 to 2.54 om/kV (0*9-. 
1*0 in/kY), r*m*s. line— to— ground voltage, is used for power fre- 
quency, Deference 8. 'An average 5 -3/4^1 0^ disc gives a leakage' 
distance of 31 .8 cm (12.5 in) so that the 36— disc string has a 
leakage .distance of 1.1 45m (37.5 ft) giving 2.44 cm/kV. (750/ x 
450 = 0.96 in/kV = 2,44 cm/kY) * 
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Now, consider a swing of 60° . The CFO voltage for a rod— plane 
gap at 50 Hz is taken to be 652 crest, which gives a with- 

stand voltage for the conductor-tower gap (withar==5$, K=1 *5, and 
7 50 = ^ Y W = ^ *3x652/1 *15) d°* • The required gap for a 

voltage of 612.4- kY crest at 50Hz will then be given as. 
d = (612 .4x1 .1 5/1 .3x652)^ = 0.831m. However, at 60° swing 

p , nd 6BL length of insulator in a 5 .2m half -window, the clearance 
is zero since 6 sin 60°=5*2. Therefore, under the assumptions 
postulated, the tower window has to be widened to a minimum of 
5 .2+0 .831=6 .031 metres from the rest position of insulator to the 
sides giving a horizontal width of 12. 1m (39*7 ft) while retaining 
a depth of 9.63m (31.6 ft). This permits a maximum swing of 23.6° 
of the 6-m insulator string while still retaining 3 «6"3m clearance 
required for switching surge condition* 

Bor lightning, allowing a .swing of 30°., the resulting strike 
distance is 6*03-6 sin 30° = 3.03m ( 1 0 ft).. The QFO under lightning 
for a rod -plane gap is taken to be Y,_ 0 =500d.. Correspond ing withstand 
voltage, with g^p factor of 1 .3 and Y^=Y^^/1 *1 5 , for the 3 .03-m gap. 
is =‘(650x3*03/1 .15) = 1 71 3 kV . This is 2 .£ p.u. which is consi- 
dered as adequate. Dillard and Hileman, Reference 9, find a CFO 
voltage of about 1750 kV crest for a 1 0-foot strike distance inside 
the tower window which gives a withstand voltage of 2 *5 p.u*' based 
on 3<T -dowiiyC' =5$ of CFO and 1 p.u. = -612.4 kY, crest. Their obser- 
vations for a 1l00-kV tower yield cT =1 % for dry flashover and 
Y 5q = 5741,, kY. 

Allowing 30° swing of the 6-foot insulator for switching- 
surge condition and increasing the tower v/idth v/ill make the 
design still safer for lightning. With**’’” =1%, the withstand vol- 
tage is also higher for the same gap length, Their p*u. light- 
ning surge allowed is 1 ,96 p *u,' ' ' L 

The above discussions raise many - questions for which satisfa- 
ctory ansY/ers. must be provided' by e*h*v. laboratories and investi- 
gators "under Indian conditions, since the extremely IgPgp. number 
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of variables delved are local to the line environment. This . 
-strengthens the nec -4 to treat -each line design on its own merits. 

YP. ' VARIATION Of GRIT IGAL FRONT TIME, ‘CFO AKD GRADIENT WITH 
GAP IP1EGIH POE. ROD-PIA!© GAP 

II; has been mentioned in the introduction that the wavefront 
time at which the minimum CPQ under positive switching-surge occurs 
will - vary with the gap length for all electrode geometries* Por 
rod— plane gaps, from best available data from all over the world 
up to 25 m gaps, Reference 10> this author has formulated the follow- 
wing relations for the salient properties of GPO: 

*a) lime-to-crest at Minimum OPO: 

ti = 43*65 d” 5 * 0215 ', us (with d in metres). It applies for . 
gaps from 3 to 15 metres, the best fit occuring between 4 and 13 m. 
Phis range ’in gap length covers the requirements for switching 
surge ma gn itudes considered in Section II for a 400 .kV line between 
2*4 to 3 -P»u., and for 750 kY line betyreen 1 .8 to 3 »0 p.u. over- 
voltages • ’ ’ 

b) Minimum OPO: " 

V 50m = (555-1 5 d)d, kV crest. 

c) Average Gradient at Minimum OPO ; 

%Qm =V 50n/ d = 555-1 5d, kV/m, crest f It might be of some 

interest to compare these values with Paris’s formula s Yr-_=500d 0 *^ 

50 

m 4 6 8 lO 12 . 

(355-1 5d)d ,kV 1180 ,1590 1880 2050 2100 

500d 0 * 6 , jy 1149" 1465 1741 1990 2221 

She discrepancy, is belisrvad to be„duc to the fact that Paris 
used the same wave— fron time for the positive switching surge for 

ail gap lengths upto 8 m which had the timings 120/4000 )is. When 
conducting such tests it is evident that a switching surge genera- 
tor capable o£ delivering a variable waveshape must be available 
in ah e*h*v*. laboratory. The gap length determined on the basis 
^50 = 500 d° will be slightly longer*. 
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• vil VARIATION 01 STANDARD DEVIATION MS WITHSTAND VOLTAGE 

In .previous sections, the c t and »i*d .deviation in flashover 
voltage was uniformly assumed to be 01 5% of CFO fer all gap lengths, 
voltage waveshapes (power frequency, lightning, and positive swit- 
ching surge), and all gap geometries (rod-plane, oonductor-to-tower, 
and conductor— conductor) • Experiments performed all over the world 
show this to be not the case » The results are so erratic about this 
quantity that is is impossible to take a single value ford" , as 
concluded by Watanabc, Reference 11 . The proposed Swedish 800 kV 
system was designed on the basis of«T =8$ and using Paris’s formulas, 
Reference 5* In view of lack of agreement on this topic, "the IEEB 
has recommended a value of *r=5$? Reference 10* The British 
Columbia Power Authority in Cananda has tested 500— kV tower insu- 
lation and founder =6 to 8*6$ of CEO in wet tests and 5$ under dry 
tests for the tower-window gap, Reference 8* Recent tests condu- 
cted on 1200— kV tower insulation by join US-IJSSR efforts have 
yielded 'values between 3*5$ and -7 »5$ of CEO, Reference 12* 

The second assumption made earlier was that the withstand voltage 

is 3idr lower than V rrt> the critical or 50$ probability of flashover 

50 

voltage. This figure has been accepted nearly all over the world, 
with some exceptions who pref or .2<T lower than V^, giving a larger 
probability .of flashover since the gap length based on (V^q— 2 <T ) is 
now smaller • 

VIII., NETWORK TRANSIENT STUDIES 

The second item to be ascertained with confidence is the 
expected maximum switching— surge magnitude for a given system on a 
probability basis* So much has been done on this topic and is - . 
still being carried out that it is impossible to give the expected 
values for phase-to-neutral and phase -to-phase switching surges- on 
a universal basis. This is a case-by-case study. • , 

Appendix I gives a summary If a typical TEA study carried out 
on a 500 kV/230 kT system as reported in Reference 13* This indi- 
cates exhan.crh-i-u-Q «+ nflio.fi nft +.ho. np.efi -for design. Amend ix I does 
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not give the .expected phese-to~phase voltages. This may reach a . 
maximum of 3*34 p.u. in studies reported by Wilson m Reference I 4 . 
Several studies conducted under the author’s guidance on TRA’s have 
been reported to the C.B.I.P* and elsewhere, References 1 5-1 7 . 

Evaluation of phase— to— phase switching -surge magnitudes is. 
gaining increasing importance in view of the fact that for volt- 
ages of 500 kV and higher, the rope and chainette concepts in line 
construction are being considered where phase conductors are supp- 
orted by insulator strings from each other while the tower struct- 
ures are removed to the sides, References 18,1 9 • 

IX . CONCLUSIONS 


1 , A. uystomatic method for synthesizing all available formulas for 
estimating air-gap clearances of e,h,v, lines is presented, and 
their limitations discussed* 

2* Conductor— to— tower, conductor— to— ground, and conductor— to-con- 
ductor clearance for a 400-kV 25D-k?_line are worked out 

according to Paris’s formulas and compared with others where 
necessary* 

3, Equations .derived -by the author for (a) variation of critical . 
wave-front time at minimum 50 % flashover voltage, (b) the mini- 
mum value of 50 %> or critic al_flasho-ver voltage, and (c) the 
average voltage gradient at the .minimum CEO with gap length for 
a rod-plane gap are given, and they are compared with the work 
of others for CEO using constant wave-front time for all gap 
lengths * 

4:* The paper discusses the need for carrying out insulation tests 
on towers on a ease— by-ca.se basis in order to determine the 
values of all controlling parameters required to determine even 
a preliminary design which can be tested in an e*h*v* labora- 
tory for design adequacy and for evolving the final design. 
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5 * Clearances designed on the basis of switching— surge requirements 
are checked for adequacy under power-frequency and lightning 
voltages, and in one example of a 750~kY line it is shpwn that 
insulation clearance at tower designed entirely for switching 
surge may not be adequate for other types of voltages* : 

6 * Atmospheric correction factors are not dealt' with in the paper* 
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1 !'• S i 1 1 ■ 1 ‘ ^ 

r J’ 

SWITCHING SURQ-B CAIiCCJLATIQR PIT I BIBS 

Insulation design of • ©,..h.v «• lines' is based primarily on 
clearances required to withstand switching-surge overvoltages 
caused when a sinusoidal source with practically infinite short- , 

1 * ' r [ ! 1 

circuit capability is switched to energize a line. Conditions 
are very severe during re-energization when trapped charge from 
a previous de-energization operation is held by the line capaci- 
tance. 

Before analyzing the transmission network by mathematical 
models^ (usually using the digital computer) it may bo informative 
to engineers to provide an/ idea of the per unit values of over- 
voltages caused by switching operations. The most severe over- 
voltage. conditions occur when re-energizing open-ended transmi- 
ssion lines, but an analysis of most types of terminal conditions 
of a system must be carried out for possible resonance conditions. 
Table I is a summary of Switching-surge .voltages reported on a 500 
kV/230kV system with an autotransformer, with or without tertiary 
windings, t-These values were obtained by the authors of that paper 
on one particular system and do not apply universally. Bach 
system must bo studied on a case-by-case basis. 

The analysis in' this chapter begins with single-phase circ- 
uits and then will indicate the procedure for extending to 3-phase 
circuits* Even for 1-phase analysis, it is simplest to commence 
with' a lumped-parameter circuit and then- observe the changes nece- 
ssary to‘ deal with a distributed-parameter transmission line. An 
actual system will consist of combination^' of lumped parameters 
(such as-generator series ■' inductance, . transformer leakage induc- 
tance, shunt reactors, etc) and distributed-parameter lines. This 
is the- chief difficulty in analyzing switching surge problems. 

At the outset it is made -clear that there exist a very large 

number of methods for analysis. • The more important ones are given 

, * > 

here which are (a) the method of laplace Transforms; (b) the me- 
thod of Fo«.rier Transforms. The former -leads to ( i) travelling-wave 
method, and ( ii) standing-wave method. 
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It is emphasized, at the outset that the interested reader 
should derive all equations on his/her own* 


3 PTG-LE -PHASE C IROU ITS MB M IM 

I * S ingle-Freguencv Lumped— Barameter_Ci rcu.it 

Ideas involved -in ■ analyzing and' understanding the "behaviour 
of voltage at the open end of a long lino with distributed para- 
meters when switched by a step or sinusoidal voltage input can 


be very easily illustrated by considering a series R-L-C circuit 
with lumped parameters. The circuit is shown in Figure 1*' 

Me assume that the capacitor 
is initially charged to a voltage 


T and no current exists in the 
o 


circuit prior to closing the switch 
S. The problem is to determine the 



~'\/Vv v — t 

-£*•0 ^ »/ 


eOt) 


%' 

<ZT 


Vc 

■ I 


current and the voltage V ‘ across tho capacitor as functions of 

V 


t-'ime ; .t • 

L *)'jh 


The Laplace Transforms of the quantities are : 

‘ ; - B 

Source voltage ; E(S) = B,/S for step,- ^~°y (S cos 0f - w a in Qf) 
£pr an input of e(t)=E m cos (wt + 0) . ^ +w 


■ ' The angle (/ denotes "the point on the wave at tho instant of 
switching from the peak value of the sinusoidal wave of f requeue, 
f = w/2tc. 


Resistance voltage 
Inductance voltage 


R I(s), I(s) 
e T 


Capacitor voltage 


Laplace Transform of curren 

'It ~ L SF * \(S) = L g I(s), withno initi 
.current, * 

t V. 




1 [ 

i ~ r . r, J 


i dt + 7 0 . E C (S): 


cs 


I(s) + 


S 


The general equation for the current and .voltage 7 will be 
with a = R/2L and w 2 = l/LC!-a 2 or a 2 + w 2 = l/LC f 


sE( s) -Y 

1(e) = 7 - 
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sE(s) -V 
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and V c ( s) 


' I( s) 
cs ' - ' s 


Y n s_ E(s)-V n 


1C s[s+a^)+w^] 


(a) Stop Response j The inverse transform with E(s)=E/S gives 

— - 1 f ~2 2 " 

Joe +w_ 

tt / 4-\ 1 /-Cl. TT \ r A » " O M ^ , \ -a .XT 


V e (t) =(S~V 0 ) [1+e‘ 


sin (w t - ® )] + V 


where tan <p- = w /a. * J 

This expression applies when R < 2 sfl/C , giving an’ oscillatoiy 
condition. As a check we observe that at t =0, the expression 
reduces to V Q and at t = co , it is E, the, step input. 

For the very important and worst case, when V = -E, 

r — O 




w 0 lTLC 


e” at sin (w t - 9 ) + B. 


For very Rightly - damped, circuit , a << w Q and cp Q d 90 # 

. *. V c (t) = E [1 -2 e~ (rt cos w Q t]_. 

This reaches a maximum of nearly 3E when w Q t ='T80°', i.e. ■ 
ono half -cycle later based on the natural frequency f = w Q / 27 c.- 
When the trapped charge is zero, i.e. V o =0, the. maximum is 2E. 

Therefore it should be evident that the capacitor must be 
designed with an insulation level of 3 p *u * in o^der. to 'take care 
of its initial voltage being equal and opposite to the input step. 
This Is a case which parallels' the voltage at the opc-n ond of t 
a lino when switched by a sinusoidal source at its peak valuer" . 

while the line holds a trapped voltage® , . _ ' ) 

% ; * ’ ' \ 

In switching transmission lines, the voltage is high when 
series resistance- is not, used in the circuit beaker. A resistance- 
switching scheme brings the voltage to not mo r^ than 2 p.u. Thus, 
it is important to note the effect of varying R on the capacitor 
voltage in this s imple- circuit also. Normally, in transmission 
linos, the value of lies is t ance used is a little, over th^ surge- 

impedance of the line, "i.o. R ^ fL/C . In this circuit, let 
R = 2 fL/G which is the or it ini -damping case giving w Q = 0 . for 
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v A * Q 

tho stop input, 7 c (s) = — S ( g + a j 2 + “ 

and tho inverse transform V c (t) = (B-¥ 0 )[1-o a ^(l+at)] + V 0 , 
For the case when Y n =‘-4,'' V7t) = E-2E ©“^(H-at). By different!, 
ating with respect to t, t,he, ma, 3 i,imum occurs when t = 0 . Therefore 
the capacitor voltage will not excee.k the .initial voltage. At 
t = qd , its voltage is equal to 'the step. 


(h) Sinusoidal Excitation e(t) = 3 cos (wt + 9) 
The loesponses are 
Current 

B- cos (wt + 9 + ^ ^ V o __ at 


I(t) = 


■M „ .. 

Gl 


V R 2 + (wl, - “^) 


Ut 0 . 4 

_ e .sin w t 
wB 0 


E e 
m 


-at 


[-^(w 2 - -j^j) sin 9 + 2 aw 0009 j w 0 w cos 


-^4-o +(^T ~ jq )w 2 ^ cos 9 


T rW 2 R 2 ,J__ 2 s 2 -j . (l 2 C 2 2 L 2 

+( I^ - w ) J 

^ + aw ^LC + w ' sin 9 ] sin w 0 t}« 

J wl 


where a = jf"* w o =^~ " 


w© 


R 


The capacitor voltage is’, with tan 9 0 = w Q /a, 


-at 


„ s m 00s (wt + 9 +. 4 >n 7 „ «■ 

v c kt)'_ - 1 o + — — rrfT 5 cos (w rt t - 9.) 

w n far + (wl L -)^ 1 w 0 » IC 0 

c’ wo' 


■ \ 908 9* e 


-at 


2 2 

ror w_l 

M o 10 C-2 


VCR^ . / JL 2 n 

+ (£0 - w ) 1 


[w 0 (w 2 - 1 ^-)' cos w n t - ^ (w 2 +^) 


1C 


21 vw T 1C' 

sin w t] 

0. J 


+ 

w. 


E m sin 9. e 


-at 


' \ 


2 n 2 


'o 10 |! ~r Aj 


2 [ I ( M " ST2 ) 008 * 0 * ^ (w2+ ^5 


sin w t] 
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II. a Ingle -Bh as e Line Energized by Source ; Open-ended 

... ■) ) . . ,- Mo trapped charge, no series impedance 

Let x = o at' the open end and 
x=L at the source end for the line 
of length L. Thon it is cl^ar that 
x=o, the current' 1 is zero, and at x=L, 
the voltage is B(s). ~ 

The differential equations for the 
lino are j 

dV(x,s)/dx = z(s) . I(x,s), and 

d I(x,s)/dx s= y(s) = y(s). Y(x,s), where z(s) = r + Is and y(s)=pp, 
which are called the impedance and admittance operators por unit 
length. The quantities r,l,c are the series resistance, induct- - 
anc.e, and shunt capacitance of the line to ground per unit length. 
We have omitted the shunt conductance g per unit length, hut in 
a general analysis, this also can be included when '.the effect of 
corona losses -have to be taken into account. Let p 2 = z(s) .y(s) . 

The voltage and current are functions of both ac and s, the' 
L-transform operator. Bor ease in writing, wo will omit x and s in 
the brackets. 

r ( ( f "Q *v* """TD X 

The goai ral solutions can be assumed to be V = A e* +B e , 
and I = (p/z) (A o px B e“ px ) . The quantity (z/p) = fz/j. = Z p ^ 

which is the surge-impedance of the line, p is the propagation 
constant per unit length. They are both in operational form* 

- The quantities, A and B are not functions of x but po s sible>- U funp— 
t ions of s . " ' 

By using the boundary conditions, we obtain 

Y(x,s) = B(s) . cosh px/cosh pL - 

and I(x,s) = B(s) . , sinh px/Z Q . cosh pL. 

In particular, at the open end, Y Q = B(s)./cosh pL » f 



A, d,C 


h^> y(s) 
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( a) Travell ing-wave Solut ion 

A travelling-wave is described through a velocity of propa 
gat ion and an attenuation factor. These are obtained as follow 
The propagation factor can be written as 

p 2 = (r+ls) cs = lc(s 2 +( r/1) s) = la[s+r/21) 2 -r 2 /4l 2 ] 

If resistance is very low, we can write this approximately 
as p"lic (s + a) = s /v + a , whqre v = velocity of propagation 
and a = attenuation factor per unit length. Note that a = r/2 £• 

r/2Z Q , where the surge impedance is Z Q = lv = l/cv = yi/c . Ttiei 
expressions are valid only if the resistance is negligible and 
for low attenuation. 

Now, V Q = B(j3) /cosh pi = 2E(s)/(e pIj + e"^ 1 ) . 

This can be written in a series expansion fora 

V 0 (s) = 2 E(s) [e - ® 1, - e~ 3pI + e“ 5pI - o~ 7pL 4- to infinity 

' = 2 E(s) [e -31 . e sL / v - e ~ 3aIj . o s * 3L/v + ] . 

let o be denoted as A^ = attenuation of voltage or current 
when travelling over one line length I, and I/v = T, the timr- 
taken to travel over one lino length. Then, 

V 0 U) - 2 B(s) [ V - a 3. + a 5. 0 b. 5T _ oto] 

lbs inverse transform of S(s). e sii has the same shape as the 

inverse transform of ?(s) but its appearance at any point is io. 
ed in time by (kT). 

( i) Step Response 

^Ict us consider the conditions at tho open end of line whei 

the input is a stwp of height B. Then, the following sequence c 
events will take place. ■ . 

At t-T, the step arrives at tho open end with an amplitude 
• E after having travelled over a distance 1. It is aecompanio< 
by a current wave. At the open end, the current will ho zero sc 
hat the current will have to be reflected negatively. This is 




REB-113 


a backwardr^ravelling wave from the open end to the source. The 
voltage reflects positively and the open-end voltage doubles tc 
2A q B which is the inverse transform of the first term in V Q (s). 

The reflected voltage wave, A Q E, arrives at the source after a 
time T with an amplitude E, and since the source voltago is 
-constant, this will ho totally reflected hack into the line 

p 

negatively. At t = 31, this voltago ( -A^ B) arrives at tho open 
end with an. amplitude (— A^ E) which doubles and reflects hack. 

The voltage at tho open end at t = 31 is than 2B(A 0 -Aq)=2EA q (1— Aq) . 

■ \ f __ Ihe reflactions and .voltage doubling keep on repeating 
indefinitely until reduced to negligible value for the n-th 
reflection to ignore farther values. 


The sequence of events can be kept track on a lattice diagram 
called the Bewley Lattice Diagram, and the time variation can bo 
plotted easily. Ihis is shown in Figure 3. • 



1) The highest voltage for which line insulation at the open end 
must be designed is 2A Q B when trapped charge is absent.* - In 
transmission lines* the value^ of k Q is about 0.9 depending 

upon line and ground resistance and line length . •** 2E. 

2) When trapped charge is present, la practice the 

maximum value is about 2.8E. We may note .that thisJvai-ue was" 
obtained for the lumped-parameter single -frequency R-L-0 series 
circuit also. ^ 
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•3)' The per iodic -time of the voltage wave is 4T« It therefore 
appears that the phenomenon is taking place, as if it has the 
frequency f = 1/4T = v/41- This has groat importance when 
calculating the line parameters with ground return. The grou 
return . res istanco and inductance are frequency— dependant so 
that the frequency to be- 'used for evaluating thorn depends on 
the length of line being switched. The following frequencies 
for line lengths from 100 Em to 800 Eli apply, based on light 



v-elo c ity • 

L = 100 

200 

300 

400 600 

800, 

Km 

. { 

f = 750 ’ 

375 

250 

187.5 125 

* : 

94, 

Hz. 


When ground-return inductance is neglected, this is valid. B 
' - usually the velocity is 83% light velocity in practice. 

4) Tho time during which the maximum voltage will bo present is 
For a 300-Km line, this is 2 ms or 2000 ps . The wave front i 
very steep, practically vortical, for a step# We can now app 
ciate that a switching-surge waveform of 250 ps/2500 ps is ve 
nearly approached during these operations although the actual 
waveform will depend on many factors. 

5) As a mathematical exorcise, the final value of opon-end volts 

■<- . will be 

T 0 (oo) = ; 2E(A 0 -4^ — ) = 2B A Q /( 1+A Q 2 ). , " 

an h 110 ^ ® * ^his is because of the approximation made in the 1 
- ■ cf p. r v 

For A q = 0.9, V o (© ) = (1.8/1.81) r E = 99.3% E. 

, Tor A 0 = 0.8, V q (cd) = (I. 6/1.64) E = 97*5^ E. 

ii Vgine Wave Response 

, , Principles given for the step response can bo easily 

extended when the soupce^is sinusoidal and is switched on to the 
open-ended line. Fop preliminary discuss ion, 'hens idor the sourc 
’ * voltage to be switched on to the lino wh«n -i4- ..ina. 
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Its equation is e(t) = E m cos wt . If it is switched at any other 
point on the wave, we will have to take e(t) = B^ cos ( wt + 9 ) 
where 9 = the angle after the peak at the instant of switching. 
For now, let 9=0* The sequence of events will now he as follows; 


1 ) At t=T, the voltage reaching the open end is E m ( cos w*o) . A. 

2 ) This -doubles up giving = 2A B m (cos w*o) . 

3 ) The reflected wave is A e E m which will reach the source whose 

internal impedance is taken to he zero. Q* he ref ore, the reflected 
2 

wave is -A E • This will reach the open end at t = 3T with 

value - A^ E m . In addition, the source wilI'"sond the voltage 

E„, cos (wx 2 T) which has the value at the open end of A TL cos 
in in 

(wx 2 T) . 


4 ) Following the procedure, it is then easy to write the sequence 
of voltages received at the open end at various times.. 


t 5 T ; 

t = 2T 
lUF-ja? 

t = 4T 

tl=._S3L 

1 

> 

t = NT 


1 


2 A 3. 


m 


Y 0 a 2A E_ cos wT 
2 m 


Yr 


2A B m cos (wx 2 T) 
2A E m cos (wx3T) 
2A B m cos (wx4T) 


A . I 
2 

k Y, 

2 c 
hr V, 


Y-, 


jsr 


2 A B m cos wx(£f~l)T - A^ ^ 


B-2 



The figure shows the resulting open-end voltage for a 400 kY 
lino of 1=300 ,-Km with tie" following line parameters : 

^including ground return, 1 ^ = i *£>" I U j 

0, =?.2.\F;)u/ 0 =i^^ /t iL=LR/2i 0 , A = o _aL --'o' T . t 

i * , * 

If- tho point-o^-the wave switching is to ho included, we 

would only add 9 in the cosine term. 
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(b> Standing-wave Solut ion 

The lapl’ace-Iransf orm of open-ond voltage is 

y^(o) _ b( s) /cosh pL with p 2 = (r + Is) cs , when g =o. 

Tn the travell iag-wavo method, an attempt was made to separata p 
Into an attenuation term and a time-shift term* In the method of 
standing waves, the inverse transform is evaluated directly by the 
method of residues. This yields an infinite number of frequency 
terms just as the travelling-wave method gave an infinite number 
of reflection terms. 

( i) Ste-p Input : For this case, 

■g -j 

V s > = s cosh pi 

The first step -is to find the location of the poles at which the 
denominator becomes zero. It is easy to see that a simple pole 
exists at s =0. The residue at this poles is 


V 0 (o) = V Q (s) . s 


.St 


E 


cosh^( _ r+l'a) cs' 


s=o 


s=o 


=E , the 
step 


The second term in the denominator is cosh pi which will become 

zero whenever pi = ±j(n+i)| , with n=o, 1,2, co . Thus, wo have 

an infinite number of poles. In such a case, the residue is eva- 
lutatod by the equation ' , * 


pL =+ j(n+l)~ 

How, when pi = ±j(2n+l)| , p 2 i 2 = _( 2a +i) 2 m: 2 /4 
or l 2 (r+ls) cs = -(2n+l) 2 m 2 /4. 

This is a quadratic -equation in s and the y aides 0 f s , are .found 
from 

l%.c s 2 + l 2 rc s + (2n+1) 2 71/4 = 0 ' 


- ■ J -st 

Y (n) = ~ 

0 ' v s a( cosh pi)/ ds 
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which, yields s = ~a+j w n where a = r/21 and w 2 = ( 2n+1 ) 2 m 2 /41 2 lc~a 2 . 

The term a is tho attenuation factor and w n is the natural raaian 
frequency- The first natural frequency is with n=o, (v=l/flc) , 


w 0 /2^ 


4iV*Xc’ 


4a 2 l 2 lc/a 2 


4(l-/v) 


1- 


2 2 
4a Tr 

_2,_2 

% v 


4T 


when a is negligible, 

This can be seen to correspond to tho travelling wave case-. 
The residues at each -polo can -bo evaluated now-. - 


Now, 



•osh pi =(sinh pi) 


1. 


ds 


(a) with pi = o(‘2n+1)-, sin & pi = j sin (2n+1)|= j(-l) n . 


(b) 1 



2 

21 cs -f re _ 1_ 21 c ( -a-f ,1 w n ) + r c 

yj( r+ls) cs 2 j( 2n+ 1 ) -~~ 


But 21c a = re . 


d 


cosh pi 


g(-0 n 


pl=j( 2n+1 ) 


71 


1 lG 

j( 2n+ 1 ) % 


2 

L ¥ 1c 
=01 “’i; ( 2n+V) m 


This gives the residue at any poljG s=~a+jw n to be 


V 0 (n+ ) 


E e 


st 


s ds"~ cosil P L 


_ ( -l) n E o at . o n (2n+1)ft 


j( -a-r jw Q ) . 1 W n lc 


s=- a +jw. 


n 


~(“ 1 ) 


n E o~ at ( 2n+l) % 


e 


7V 


21 lc w. 


n 




Similarly, at s = -a-jw^ which is tho complex conjugate of s=-a+jw n , 


n 1 


the residue will bo equal to the complex conjugate of the residue 

\ U+ ) . . - • 
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. - . . -n E e at f 2n+ 1 ) n _e 

. V ( n-) ='-(-) P v w 

0 2L 2 1c w a 


-g writ 


5w n t 


-jw n t 


The sum 


2 V" (w a 008 V + a », 


w n +3a 


w n - 3 a 


a +w. 


n 


± 


Z A 


cos (w n t - <p) ,tan cp n 


w, 


n 


K + -n 

The complete step response is the sum of all residues, which wi 
ho finally 

OO , ,,a,. -at 


T 0 (t)=n[l- 2. i 2 ir(2a+ } I f £ -T r 003 (VA)] 

n=0 1 -lc. w n 7» +w Q 

Bach of the terms in the HL sign belongs to one natural f requeue 
f^w^ /2 tu Its coefficient can he simplified further if we note 

il 33. ( “o' ” n Q^ 

that /a +w^ = ( 2n+l) ti/ 21 s/lc. 


oO 


V (t)-E[l - 


(-])*■ 2 e- at 


•iCww 

n=o 1 . J 1c . w^. 


cos(w n t - (p n )] 


(ii) Sine -wave Incut : e(t) = B m cos (wt + <p)- 

The procedure for this cade follows the same steps, hut no 
pair of poles exist at s = +jw corresponding to the applied for 
ing function instead of at s=o as for the step input. The alge 
is lengt hy... but - 'straight forward and tho final result turns out 
to he as follows: ' 

Let J = — w 2 lc l 2 and E = w L 2 r c 

p, = [7. (/A?+J)/ , 4) = [1 (/Ak^-J)] 1 ^ 

1 

a = — r/21, w k =[(_2k+l) 2 Tr 2 /4L 2 lc - a 2 ] 2 .. . 

m = cosh p^. cos-f^ , n = sinh p . sin q, , tan y> =n/m 

2 p 7 

P 2 = a +.w — 


i 
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tten, T 0 (t) 

+ B m 2. 
k=o 


oos (wt+0- 

(-OKf 2k+1)raT at 
L 2 1c w k (p|+Aa 2 w^) 


f) 

[cos 9^ w n (p 2 -2a 2 ) cos w^t 

O •* 

-a( 2w k +p 2 ) s in w^t j 
+w.sin.9.(p2 cos w^t - 
2a w k sin w^t) ] 


It consists of a steady -state response term, and transient response 
torms which decay with the time constant % = i/a = 21 /r. 


Ill FOURIER-TRAffSFOBM METHOD 

This method applied to propagation of lightning and switching 
surge response of distributed-parameter lines when in combination 
with lumped parameter circuit elements is of recent origin. Tho 
lumped parameters are series impedance of source, shunt reactors, 
series resistances used in circuit breakers, loads, substation 
t r ansf o rm<- rs etc. 

¥g will illustrate the method for obtaining tho -voltage at 
tho open end of a line. This was derived as V (s) = E(s)/cosh pL, 
where p is a function of the distributed line parameters r,l,g,c. 

In the Fourier-Transform Method we write S=a+jw. Then, 

Y q ( a+ jw) = 1( a+jw) ./cosh L^r+l(a+jw) j- ^ g+c( a+jx/)J 

1) Step Response s Here, B(a+jw) = E/s = B/( a+ jw) . cosh pi can be 
expanded and written .as M+jR. Then, V 0 =13/S (a+jw) (M+jN) ^ = E/ 

j ( aM~wR) + j ( aH'+wM) j . This is separated into its real pert p and 
j -part , Q. £ = E (aM-wR) /D, Q=-E( aSF+wM) /l, where D=( -aM-wif) 2 +( aR+wM) 


Finally, the time response is calculated from the 
Fourier Transform using either P or Q: 

.at f 


Y o (t) = F“' I [V 0 (a+jw)] = 


2 e 


% 






(p-. cos wt) l(Tf 
( -Q.‘ sin wt)j 


Inverse 


. dw. 


where cf^ ia called the ’sigma factor* which helps in the conver- 
gence of the integral. - The integral is evaluated numerically 
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according io the following procedure. 

a) The limits for integration arc changed to w^ and w^, instead 
of 0 and co . 

h) The sigma- factor is written as (r'f = sin ( Ttw/w f ) /( mw/w^) . 

c) A trapezoidal rule can "be used by evaluating the ordinates at 
w and (w+Aw) by selecting a suitable increment A w in f requeue 
Then tha integral can be written as the sum, with n=( w^— - w^) / ^ 
at ^ ' 

Y (t)= 2~|— [P(w k ). cos w k t.cT(w k ) - P(w k-1 ). cos w k-1 t. 

ln=1 

C^(w k-1 )]. (w f -w ± )/n 

where w k __^ = w^ at k=1 . 

■ d) The integration or summation depends on the- value of the expo- 
nent _a. This imposes very serious restrictions and a very lap 
number of trials must be made before the final choice for the 
value of a is decided upon. One rule is- to commence with the 
vaLue(a T^) - 4, where T^ is tbr final value of time upto which 

. , calculations arc- of interest. Per example, if = 20 ms ( 1 c, 

time on- 50 Hz basis) a = 4/20x10 ^ = 200. In some case 

the calculation nay proceed in stages and a different value of 
a may be selected. For exa plo, if T^ is to bo 40 ms, a value 
of 200 during the first 20 ms of the cnlculat ion may bo used 
and then a value of 100 for the next 20 ms. 


'S Ike integral also depends on the final value of w. Again, the 
choice is based on trial and error. One rule is that w f shoul 
be greater than the reciprocal of the fastest rise titnc of the 
voltage involved in the problem. The step is the worst voltag 

for this method and any value of w^ that- yields the proper res 
ponse, for a simple problem will give adequate results for all 
other types of excitation. 


The values of M and H can be worked out to bo as follows : 

^ 1 • , 1 

M = [| J t Jj 2 +K 2 +J)] 2 , ( JjKk 2 -J)] 2 , whore J^L 2 W r+1 a) ( g+ 

T.rP 1 «« / .t \ r *_"1 *• 


lc w2 


and K=I/ 


^(r+la) cw + (g+ca)lw] 
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2) S in ? Wave Excitation 

Bor this case, e(t) = cos (w Q t + 9 ), where w Q =314 for f=50 

and <p=anglo on. the wave at the instant of switching from the posi- 
tive peak. Then, v/iv»h a = a+jw, and E(s)=E_[cos cp.s — w . sin ©1/ 
(s 2 +w 2 ), 

V Q ( a+jw) = S m [cos <p.(a+dw) - w Q . sin <p]/[ ^ ( a+ jw) 2 %|m+P) ] 

This can ho split into the real part, P, and 3 -part, Q, and the 
previous procedure followed for evaluating the inverse Fourier 
Transform giving V ( t ) * 

in example of switching, a 400 -kV lino from 'Debar Power Station 
to the Panipat Receiving Station of the Northern Regional Electri- 
city Board is given if the- figure for sinusoidal excitation when 9 = 0 . 

\ 

Please 'see the next page. 


• Mother example 1 ' is worked, out when the far and of the lino is 
terminated in a larg<- transformer or a receiving station which can 
he repLacod by a comb In at ion of capacitance and a parallel branch 
consisting of an inductance and. resistance . 

IV TH REE-PHASE SYSTEMS 

The above methods cons iderc-d .only a . single — phase system. 

The extension to 3 -phases can be carried out -by first splitting 
the mutually -interacting systems into 3 mutually-independent 
systems by diagonal izat ion procedures, outlined --in or previous ~cha- 

— .i 

ptor by using the transformat ion matrix [Tj, ahd its inverse [T] * 

The writing is very lengthy and is not given here. 
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INSULATION CHARACTERISTICS Off LONG AIR GAPS 
1 . Tyres of Electrode Geometries Used in 3HV--L-ines - — - " ' 

In e.h.v. transmission systems, all external insulation is 
air (and in recent years SFg) . Air gaps Lave reached lengths upto 
20 metres and will continue to increase. In this chapter- we will 
consider the insulation properties of only long air gaps'. 


The "breakdown and withstand voltages of airgaps is controlled 

by the geometry of electrodes which have to be insulated by the 
gap. The electric field distribution in all cases is non-uniform. 
The figure shows some electrodes. 

2. Types of Voltages in EHV Linos 

The above gaps are subjected to several types of voltage wave- 
shapes. The breakdown and withstand voltages have to be ascertained 
for all these waveshapes. They are: (a) Power Frequency AC; (b) 

DC (+ and -) ; (c) Lightning impulses ( + ,-); ( d) Switching Surges 

( + » “) * 

In both indoor and outdoor h.v. labs, experiments at great 
expense have been and are being conducted, and along with these, 
theoretical models for breakdown are also being evolved. Once 
these mechanisms ar r - theoretically understood, it will reduce the 
expense involved in sotting up large-scale experiments, as well as 
help in proper design of experiments end interpretation of the 
results*. 


3* Breakdown Characteristics 


Tho following empirical relations between the 50 % flashovcr 
voltage value and the gap length arc nearly valid for design pur- 
poses. They are based mostly on the work of Paris of Italy, L^roy 
and G-allet of E. de F . , Watanabe and Udo of Japan, and Feser of 
Switzerland (now in ¥• Germany) . 
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Positive Polarity GFO ( d in.mefcrcs, voltage, an 


kY crest) . 


Rod-Plane ; Lightning Impulse : 1 .25/50ps - V 5Q 
' ‘ 1/50 

1 .2/50 

D.C. V 50 

Power.gr fl uency ■ ' - , \ 0 

V 50 


550 d, kY 
667 d 
540 d 


500 d 

652 d°*576 
455 d + 25 


Switching Surges,, 

120/4000^8 V. = 535 .5 d ^ 

(3 < d < 9 ) 

Y 5q = 500 d 0 * 6 
? 50 = 100(f£od+i'-2.5) 
Y 5o = 3400/( 1+6/d) 


Many attempts have bean made to explain these equations whicl 

arc based entirely on experimental results. The thcorotic.nl mode] 
have boon based on vastly different basic assumptions, and a serix 
worker still has the opportunity to consolidate these several as si 
ptions and put together better models. Briefly, the basic mecha- 
nism of breakdown appears to bo: 

( i) Before breakdown is reachou, there is an intense corona onvolc 
formed on the highly-stressed electrode. This is particular!: 
intense on tho positive rod. This spherical corona envelope ■ 
assumed to have a diameter ranging from 20 cm to 1 motro. 

(ii)The corona gives rise to leader channels of about 1-3 mm in 
diameter su.ch that the radial electric field is 20 kV/cm with 
a charge of about 0.5 to 1 pc/cm. Those loaners fork out in 
all directions, but the one that eventually causes sparkover 
propagates along the axis of the gap. It is preceded by a 
- - leader-corona -at its tip. The axial electric" field in the 
leader column is about 5 kY/cm. 
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( iii) When the leader-corone has reached a length of 4.5 to 5 b 
in a 7 m-gap, or about 65-70% length, the influence of the 
leader on the piano cathode is so intense that th-re is a 
jump-phase where the acceleration of t he loader is high 
enough to bridge the gap and sparkover occurs. In a rod- 
rod gap, a negative leader propagates from the negative rod 
also to meet the positive -loader. 

The following theoretical, equations are available based on 
various assumptions for positive switching surges. 

I. Lemke's Model (d < 10m) 

-V = 450 [1 + 1.35 fn (d-Ln d) ] , kY. 

II. Waters' Model 

Y = (1.5 x 10 6 + 3.2 x 10 4 5 d) 0 * 5 - 350, kV 

fib* A1 c xan dro v ' s 'Mo del ( r=0 «9m) 

V = 1260 r (1 - r/d) 0 *^, tanh~^ / T r/d , kY. 
s 

All the three models yield nearly the same value for Y 0 for d 

o ' 

upto 10m, while II and III agree upto 20 m. It is therefore sur- 
prising how w idoly-d iff e rent assumptions can lead to close results. 
They also come close to experimental formulas quoted earlier. 

4. Positive Switching-Surge Bias hover : Saturation Problem 

The positive switching surge ,f las hover and withstand voltage 
characteristics of long gaps are the most important and interest- 
ing because an air gap is weakest for this type of voltage wave- 
shape. The s.s. magnitude determines by and large the gap length 
required in tower windows, insulator lengths, phase-to -phase 
clearance and conductor— to— ground clearance. The problem is comp- 
licated since the CP0 voltage depends upon. 

(a) the wavefront time of the switching surge, and • 

(b) the presence of insulators in the tower window. 
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Therefore,, no two laboratories agree on the CFO value of a 

given gap length. .From, a very largo nunio-r oi experimental results 

available, some important observations are worth noting. Those 

are- as follows: 

1 • The CFO voltage of tower windows with insulator strings inside 
varies with the switching-surge wavefront time. 

2. The CFO voltage also varies with the percentage ol' sp^ce filled 
by the porcelain with higher permittivity than air. 

3. The CFO voltage depends on the ratio of length cf the shortest 
distance in air between conductor and tower t'> the length of the 
pro cel a in insulator. A ratio of 0.85 to 1 is usually used. 

4. The first tower-window insulation strength was established by 
J.W. Kalb of the Ohio Brass Co. of U.S.A. under switching surges. 
According to his experimental findings for a 525-kV tower with 
24 discs in the insulator string, minimum CFO oocurcd at a wave- 
front time of 250 \xa . 

5. Subsequent results obtained from all over the world at many 
voltage levels have yielded th«: wavefront time for minimum CFO 
ranging from 55 to 300 \xs . 

6. Since Kalb r s experiments, the' standard waveshape for switching 
surge has'b-''cn accepted as 250/2500 |fs for line equipment testing 

7* This does not., necessarily mean that insulation structures tested, 
.. M \$sing the standard waveshape will yield the worst s.s. strength. 
Bach airgap clearance has to be tasted indiv idufvLly with varying 
front times to ascertain minimum 0F0. 

8» The widths of tower structures used in experiments have a consi- 
derable effect on the CFO voltage, as well as the length of con- 
ductor used on either side of a towor mock-up in an e.h.v. 
laboratory. This is because pre-breakdown phenomena depend on 
the presence of metallic parts near the conductor. 

9. The CFO does not increase linearly* with the, gap length. A satu- 
ration phenomenon takes place [CFO varies as 3400/( 1+8/d) ] . 
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10. If this is true, then even if d is increased t? infinity, the 
"maximum -voltage the gap can support is 3400 kY crest. 

11. This implies that with a 1 .5 p.u. switching surg n , th<~ crest 
value of power-f roquoncy voltage is about 2250 kY giving a lino- 
to-liau voltage of 2250 \ r j/'{2 = 2800 kY. With a factor of 
safety of 1*25, this gives a ceiling voltage for ac transmission 
to be about 2240 kY. 

12. One of the objectives of the ASBA-AEP 1500kY project is to 
establish the validity of this assumption. 

13. It therefore still remains to see whether theoretical models 
can explain this. 

14. This can be compared to what happens under lightning voltages 
in nature. If there be such a thing as saturation phenomenon, 
voltages of the order of 100 to 1000 MY observed in lightning 
might not be present in order to flashover air gapsh-f rom' cloud 
to ground from 500 to 5000 metres. This is where Alexandrov *s 
model nnd other theories of breakdown under lightning voltages 
can help to understand breakdown mechanisms occur ing under 
switching surges: 

5 . Critical Flashover Yoltage. Withstand Voltage, and Statistical 
Pons ids rat ions . 

While all laboratories report the 50% flashover voltage, a 
designer is really interested in the withstand voltage. This 
quantity is an ambiguous one. According to statistical considera- 
tions, the withstand value in reality gives probability of flash- 
over of .2% and not 0%. Therefore, laboratories must also pro- 
vide this information. It can bo absorved that in ord^r to deter- 
mine the voltage that will give- a flashover of 1 in 500, at least 
500 shots must bo given at each voltago level closo to the so- 
called withstand voltage. Some designers use a .1% probability of 
flashover which requires 1000 shots to be given at voltages close 
to this probability. 
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Tn order to obviate such a procedure, the experiment al i 
use the assumption that breakdown probabilities follows a 
Gaussian distribution with a known moan value- (50% fl -as hover voli 
go) and a standard deviation c r~ * ’Ihcn the withstand voltago is ] 
below the CFO. 

In addition to this probability, other factors 'in d, sign als 
require to bo investigated on a statistical basis, especially 
meteorological conditions. These give rise to oscillation of coi 
ductors, relative' air density, rain fall rates, and the magnitude 
of switching surges. From these considerations it should bo cIce 
that a very large number cf experimental conditions must bo varit 
in order to establish confidence in design procedures. It has be 
recognized, however, that a flashnver to external insulation is r 
catastrophic to the system. Its severity is the same as a singl* 
line to ground fault or a phase-phase fault. 

6 . Paris js_jhrk and Gap Factors 

After a great deal of experimental work, Dr. Paris of the El 
and CESI in Italy formulated his great theory which has formed tl 
basis for line designs in Europe. According to him, the follows 
results are observed. 

1) the CFO of any gap -geometry varies as d® . 

2) For two gap lengths for the same electrode geometry, 

V 7 2 =(V d 2 )0 ‘ 6 

5) For the same gap lengths in two different electrode geometric: 
with one of them taken as rod-plane gap, 

V/V r _p = K, called the gap factor, 

Hera, all voltages are the- 50% flashovor voltages. 

For example, . _ = 500 d 0 * 6 and Y = 687.5 d° * 6 

*** ir r~r 

.* . E for rod-rod gap is 687*5/500 = 1 -575. 
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4 ) For the wore common. Glue t rode geometries used, the following 


table giv f; s tbm 3 gap factors 

‘Rod-plane E=1 .0 

' Rod-rod 1*375 

Conductor to cross arm end 1 .55 

Rod-tower structure 1 .05 

Conductor-plane 1*15 

Conductor-window 1*2 

Conductor to structure 1 .5 


The values of E given above apply when there are no insula- 
tors present in a tower window. Since the height of insulator 

in relation to the air-gap strike distance d can vary -in designs 
used at different plo.ces in the world, the EH7-UEY Project of U.S.A. 
initiated a very worthwhile set of experiments * Their finding is 
ijhat the exponent is not 0.6 but close to 0*75 for a E^/d ratio of 

The steps to be followed in line designs based on Paris’s for- 
mulas will be the following: 

( i) From network transient studies (using physical modelling on a 
TEA or mathematical mouelling on a Digital Computer) ascertain 
expected maximum value of per-unit switching surge on the 
system studied. Let "this be Y a . For example, suggested 
levels are 2.5 p.u. to 1*5 p.u. for transmission levels of 
345 kV to 11^0 kV. [1 p.u. = crest value 'of line-to -ground 
power-f requeady voltage at maximum operating voltages of 36 2 kV 
to 1200 kV, line-to-linej . 

( ii) Assume a suitable value of the standard deviation O' * This 
is usually taken to he 5% or Qfo of CFO. 


(iii) Assume withstand voltage to be v 50 ( 1 ~3 £r ) 


ss 


This should equal 


(iv) The CFO is then Y 5Q = Y ss /( * 

(v) This must equal Paris’s valuo of 500 k d ^ 1 * 
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(vi) The required air gap clearance is 

a = (7 50 /500K) 1/0,6 =[Y ss /(1-3<r).500K] 1/0,6 

¥e may remark here that the IEEE suggests C" = % while the 
I.E.C. suggests OT = S°ji of tho CFO voltage V^q. 

( vii) Once tho line— to “tower clearance is calculated through suita 
ga.p factor K, tho line— to— line clearance is taken to be l.7d 
and the minimum conductor-to ground clearance is ( 4-3+1 *4d). 

Example: A 400-kV lino (420 kY maximum) has a maximum switching 
surge t>f 2.5 p.u. when resistor switching is used and trapped chs 
is neglected. Asssume V to bo 3<f below V^ 0 wither^ 5>, V^ Q . 
Allow a further 5% to cover differences between laboratory and f j 
conditions and take 

\ = rir ^o-^V = 0 -®° 95 v 5o- 

Design tho clearance between conductor and tower and between. pha£ 
Take a factor of safety of 1.2. 

Solution : 1 p.u. crest voltage = 420 V2/V3 = 343 kY. 

Switching surge crest value Y oc = l .2x2.5x343=1029 kY. • 

bS 

E= 1*2 from the tablo for conductor to tower window* , 

• • a = <o^o95HftSool> = 

1 iao-to-liue clearance is typically 3 . 33 x 1.7 = 5.7 rm. 

Line-to -ground clearance is a minimum of 4 . 3 + 1 . 4 x 3.33 5 * 9m. 

[Rote : The UPSEB conductor-tower cloaranco is nearly 132” = 1' 
= 3*3 metros, and phase-spacing is 1 1m. The minimum 
clearance to ground at mid span is 9 m.]. 


Dr. P. K. Chatter.iee 
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HM OPTICS IN COMMUNICATIONS 

(' After’ completing extensive'! ield"'trials in several countries, 
fibre optic communicat ions systems have started entering commor- 
cial" Services « In the next f':.w years 'the number of new services-- 
will become impressive. World fibre sales,’ are stated to be pre- 
sently about £, 120 million per ydar, and that are expected .to rise 
to 1500 million by 1990. field trials of various now applications 
are in progress at present.' Also research and ‘ r development efforts 
are on to find better and-jmorc economic materials, optical fibres, 
optical sourcesr and detectors, and fibre components. On the other 
hand, applications in-' .a variety 1 of 'commu-nicat ions , control and 
measurement systems are being Investigated. 

The major advantages of fibre optics ar,e : availabilitjr of 
very large bandwidth, 1 immunity to electromagnetic induction and 
r.f. interferences* absence of ground loops, less volume and weight, 
good mechanical strength and abundance of raw materials* These., . 
virtues have made filore optics very attractive for civilian as well 
as military uses .(both tactical and strategic). Today the case 

for fibre optics r'-sbs not. only on its high rol iab il ity , and band-' 

. , 1 1 * 

width capability under ndisy electromagnetic conditions, but also, 
on price. 

1 * 

Optical fibres today have , excellent transmission properties. . 
The ’economical multimode graded- index fibres are available with 
losses of 1 to 3 dB /Km according to the light wavelength* .Whe areas 
single mode fibres have a loss of less than V dB/km permitting a 
spacing, of 20km between repeaters at a bit rate of 565 Mbps. In , 
such a case, approximately 16 TV programs or some 8000 telephone . 1 
calls can be transmitted simultaneously. The wavelength regions- - 
of interest are the 0.8-0. 9 pm short wavelength* region has readily 
available reliable sources (LBDs and Laser ‘diodes^ and excellent 
detectors'. 1 Operating close to 1 «3 P m , two properties of the fused 
silica, fibre permit much longer distances ( repoaterless) and higher 
data rates. Pirst, the fibre loss’ is- greatly reduced and second, 
pulse Spreading (owing to material dispersion), becomes zera.. At , - 
longer wavelength of 1.5$ p* the fibre loss becomes even smaller., • 

*and I.3-I.55 pm long wavelength ranges. The short wavelength 
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but material dispersion is non-zero* In a Bell lab experiment, 
signal bas been transmitted over a unrepeatered distance of 119 Kn 
at 1550 nm with a transmission rate of 420 Mbps* The bit error 
rate achieved was 10 ^* However, reliable sources and low noise 
detectors are still not readily available in the long wavelength 
region. 

The most impertant fibre fabrication methods in current use 
for the communications field are variants of two: outside vapour 
phase oxidation (071) and inside vapour phase oxidation ( IVD) . 

Using 171 method high quality single-mode fibre of 20 km length 
and using 071 method high quality single mode as well as multimode 
fibres of 40-50 km length have been reported to be produced in 
research laboratories. Aslo a minimum attenuation figure of 0.16dB/ 
km for a single mode fibre at 1550 nm has been reportedf Research- 
ers feel that using G-eC^-SiC^ glass system smaller losses cannot be 
obtained* So attention has turned to other glass systems, both 
©xides and nonoxides and predictions have been made of much lower 
losses. Bor example, for fluoride glasses, especially those based 
on ZrP^, predicted losses approach 10 ^ dB/km, and rapid progress 
is being made towards these figures (1980 - more than 10^dB/km, 

1982 - about 30 dB/km). 7ery large repeater spacings - greater than 
1000 km at 10 ^ dB/km - is being visualized using those fibres. 

The sources used in optical fibre networks arc Laser diodes and 
Light emitting diodes (LB!) . The semiconductor material which emits 
light in the short wavelength range (0.85/0.9 pm) is GaAlAs . A ' 
laser diode using this material is reported to have an extrapolated 
life of more than 10^ hours. LBls and Laser diodes commonly used a 
in this region are CW double hoterostructure (!H) surface and edge 
emitting types. The typical light output for a LB! is 100pW and 
Laser diode is 5-6 mW, with spectral widths of 40nm and 1 nm, 
respectively. A suitable semiconductor material for use. in the long 
wavelength region is the quarternary alloy, In G-aAsP. LBls using 
this alloy are efficient, fast, and very reliable* The quartornary 
laser diodes are still not as reliable, although narrows tripe 
buried hetero-structure (BH) lasers are reported to be highly reli-. 
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able, their* mean: time to failure (MTTF) at room temperature could be 
expected to exceed 10 hours o However, certain probleais still 
remain with. BH lasers aged over long "period of time. These include 
the occurance of rapid degradation' aft’er long, term stable operation® 

Silicon photo detectors are a’ natural bhoice in the 0.85-0. 9pm 
range having a typical maximum 1 -'respo ns iv ity. in excess of 0.6A/W 
occurring just above 900 nm. However, Go photo detectors have to 

be used at 1.3 pm wavelength region witih-s ign if ic anti y increased 
dark current. Both Pin as well as Avalanche photo Bio do (APB) detec- 
tors are used in fibre optics, the 'choice depends upon the- repea---,* 
terloss -length. Whereas silicon APB is a commercially available 
detector with excellent photodetcctor properties, germanium APBs 
have high excess noise introduced hy avalanche gain. Very sensitive 
InGaAs PIN photodectors have also been demonstrated offering a poss- l 

ibility of a common material technology for both omitting and rece- 
iving devices at long wavelengths..^.' ■ _ 

■ Pibre optic components like connectors, attenuators, directio- 
nal couplers, splitters, multiplexers, demultiplexers, etc# having 
very good properties are commercially available,, but , further deve- 
lopment to reduce their costs is necessary. Similarly, splicing, 
tools should bo made more economical. ' . ) 

Considerable improvement' -in the space requirements , rel.iab 11 ity 
and cost of components for optical communication systems is' possible 
if the individual optical, optoelectronic, and 'electronic components 
can he combined to form integrated , optical devices. Among other 
things, they may some day help to make full uso of the bandwidth of 
the optical fibre." 

Availability of very large bandwidth has made application of 
optical fibre in telecommunications highly attractive, hut, this 
also makes it possible to use optical fibres for a wide bandwidth 
robust modulation technique , like spread-spectrum modulation (SSM) 
and multiplexing for special applications, like data networks, etc. 
Wavelength del-vision multiplexing (TOM) is another new technique 
having considerable attention in fibre optics due to its great 
potent iallty. 
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Appl icat io ns particularly suited to fibre optics, excluding 
teleccmmunica.t ions , include: process control, remote monitoring, 
COPY, GAP?, data processing, single "and multichannel modem rep- 
lacement, mixed speech and data systems (ISDN), local area networks 
(IAN), railway signaling, power system applications, otc. 

OPTICAL PIBRE 

Three types of fibres : (1) Step-Index (Multimode) 

(2) Grade d-Index 

(3) Single Mode 

n 1 - 

n 2 =n 1 ( 1 -5) where 5 = — ^ = 0.01 to 0.02 
At .850 pm : ( i) Silica (Ge02/P205 doped core, SiOg or SiQg/l^O^clad) 


Refractive index : Core, (n^) = 1 .469 Cladding (n 2 ) = 1*452 
Diameter : Care = 50 pm Cladding = 55-60 pm outer dia = 125 pm 


Max. theoretical NA = 0.22, NA = 


nf = sin 


'■Pi max > ^1 


= 13 

1 


Modal dispersion = 57 n sec/km ( Theoret ical) Practice! = *• x57) 
(if) Platic clad silica (multimode step index) 


n.j = 1.452 N 2 = 1.405 Core dia = 150 pm Cladding dia = 230 pm 
Max. M.A. = 0.37 (Theoretical) ^ = 22 outer dia 230 pm 
Modal dispersion = 165.0 ns /km (Theoretical) ' Practical 30 


Multimode Graded Index : GaO^/P^Oe doped core 
(.850 pm). Si0 2 oT S102/B20J clad 

n 1 = 1 *475 core dia = 50 pm n 2 = 1 -452 cladding dia = 55 pm 


outer dia = 125 pm 
Max. N.A. = 0.26 (Theoretical) ) 


?1 = 15 

Modal dispersion <0.5 ns/km (experimental) 


Central region of Core 


Single JIgde : GeOg doped core Si0 2 cladding 

n 1 = I.462 core dia = 3«3* pm n 2 = 1 .452 cladding dia = 45 pin 
outer dia = 1 25 pm 

Max. N.Jv. = 0.17 (theoretical*) <p.j — 10° Modal dispersion = 0. 
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The rel at io a Detween core ^ncL cl^caing refractive- indices for a 

step** index mu^timogo fibre is n 2 => -(1 - 6) where 6 « 1, 

typically &~~~ ~ “ — =0.01 to 0.02. 

1 

For tho graded- index fibr°Sj'the core has a graded index 


which usually decreases radielly from maximum value n 1 at the 
centre of the core according to the law n = n^ ( 1 -a y *) whore 


a is a constant and is the distance from axis 
popular core is the parabolic gradation; 


f\ 

j.± 


particular and 


n y = G 1 [1 “ (“ 4 2 ) Y 2 ], 0 i y <2 a 

In the single— mode fibre, the core radius a is .very small 
(a cd 2 — 5 pm) which enables propagation of a single mode only. 

The number of modes of propagation in an optical fibre is given by 

N = 0.5 ( ) 2 ' 

where d = 2 a is the diameter of tho core, and NA = (r3 -' n^) 2 . 

7 1 2 /-» 


Thus, for a given combination of refractive indices, as the diameter 
of the core is reduced, fewer moc.cs propagate. When eventually " 
the diameter becomes of the ..same" orcier of magnitude as the wave- 
length of light, then only a single mode will propagate. 

The r.m.s. width of tho impulse response for a step— index 

fibre is proportional to, 6, whereas for the graded— index fibre it 

2 

is proportiond to 6 . 


Propagation thru* Fibres ; (Ray Theory) 

We consider tho step-index fibre, 
n^ > From Snells T law 

n.j s in <p.j = n 2 sin <p 2 
or n.j cos 6^ = n 2 cos © 2 

Eo real angle © 2 exists if n^ cos > n 2 

For this inequality to . hold, " thc-ro will not be any refracted ray 
in' the cladding region. For the rays to be confined te the core 
region the angle must hot exceed tho critical incident angle ©.. 
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where cos e ic = n 2 /n^ - 

/aso n Q s in © q = n 1 s in * 

Assuming n Q = 1 
sin 0 Q = n.j sin 
let © Q = ©^ when © 1 = © ic . 

= n, 7 1 - cos 2 6. = 

i * xc 


Therefore, sin © 

7 m 



or^sin e 



n, sin ©. 

1 ic 


This means that a cone of light incident on fibre with conical 
semiangle less than © m will bo accented and propagated through the 
fibre. Sin © m is the measure of the light gathering power of the 
fibre and is know n in opti cs as tho Numerical Aperture (N.A.) . Thus 

“=v/ a f .-4 


This indicates that the maximum light acceptance angle of the fibr< 
is independent of its physical dimensions, and can bo made largo. 
Secondly,- the fibre cross-section can bo made small. -to increase 


flexibility. 


It is to be noted that total internal reflection is a necessa: 
u not a sufficient condition for propagation of. light rays in 
optical waveguides. At each point of reflection the ray undergoes 
a phase . change . It is these phase shifts which impose an addition* 
cons ramt. Their evaluation becomes necessary to satisfy the 
condition that optical paths (phase difference) between two normal 

L^Thlr P ^ lel ^ Sh0Uld d3ff?r an int ° SOr of 

„ • pl ' d to the ra y undergoing multiple 

rwilections • in .an. optical waveguide. 

It can be seen from the figure timt the' wavefronts are also 

equiphase planes. For bhe two r , V8 qnrl ? . y °° 

an eaui^^ i , y 1 aad 2 » P 01 uts A and 0 are on 

an eq.uiph.ase plane while Joints v, n 

nlane w mT JL + v * and D arc on another equiphase 

pxane » iMow when the two ravq # 

the Other- r.. “ 1 fr0 ” 011,1 el Wiphaso piano to 

vne other, their path difference ( inol u rHn«- + 1 , 

2 Sue to reflections at 0 and nl , )“ Cl “ g the S hase in ray 

' nd, D) Should bp + x.. .2 . jy 


mo-i 


loij "felis phase shifts due to reflections at C and D "be tp (sanie phase 
shift at "both interfaces as the refractive indices of the two media 
are the’ same at Tooth C and D) , and to express various distances in 
terms of d and ©^ , we have 


"and 


AB=BC cos - - T 
= (CF 3F)‘ cos © 1 

= ( tS^T©“ “ d tan 
= (cos 2 e 1 ~ sin 2 ©, ) 


CD = 


d_ 

s in e 1 



cos 6-^ 

__d 

s in 6!j 



Therefore , phase chango_ due to only path 'difference is eu(S 2 . 
.where k is propagation constant .in free space (k = WuT^E = 

' ' • r. *0- O 

Thus, the equiphase condition can be expressed' as 

{ * 

n 1 (S 2 . - k + 2 9 = 2Iit 

where^N is. an integer^ Hence,' only .pays at dis crate : values of 
angle satisfying the above equation can propngateu These' 
discrete values of ©^ correspond to the various waveguide mo do s . 

Two .types of rays exist in optical fibres :• " ‘ ■ 

( • - <*\ ’1" 

( i) meridional rays - 

and ( ii) skew rays 

Meriodional rays confine to a single (meridional) piano and pass 
thru’ guide axis. Skew rays do not confine -to a single ’plane and 
do not pass thru’ the guide axis. 


-S.) k, 

2jLa 

A 


It can be easily shown that the path length of the meridional ray 
is P ( ©^ ) = L sec ©.j 

' ¥ 

where 1 is the axial length of tb- guide* The path length and 

therefore',' 'the transit time of a ray is a' function of the angle 

of the ray. This differential delay between the -permitted modes 

reduces the information capacity of the guide. The number of 

reflections of a meridional ray can be shown .to be 

L tan ©^ ! 


u(e.j, a) - 


d 
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The number of reflections ploys an important part as each reflect ion 
is associated with some loss* The number of ’reflections per unit 
length is • ' tan a 

KT * — - 


Skew Rays : 


Go ns icier Pig. 1.3(a) which" shows a typical skew ray AXY * Here 
X and Y are the two reflection points at the core and the cladding 
interface. XC is no'rmal to the- reflecting surface at the point X 
and <pj is the angle_ of reflection the ray mak^s withthc normal XC. 
YP is perpendicular from Y to the cross-sectional plane containing 
XG. 'YP is therefore parallel to tho axis and P like Y also lies 
on the interface. Angle y is called the azimuthal angle for the, 
ray* _ Angle t the angle between the ray and the reflecting sur- 
‘facpj' is called’ internal axial angle. These angles, i.e., 6-^ , y and 
’ q>. aro maintained for a particular ray through successive reflec- 
tions. 


Pigs. T*3 (b) and (c) give the different views of the relevant 
angles in detail. It can be seen thnf the-. angles y and p are in 
perpendicular planes. Plane YPW is perpendicular to plane -WXP, as 
PW is perpendicular to XG, therefore, triangle XWY is a right ang- 
led triangle. Therefore, 


COS <p.| 


_ M _ 

_ ZT - 


M 

XP 


2E 

XY 


cos' y cos p 


= -cos y sin as p = ^ ~ ^ 


= ? v e, 


s in & 


1 


1 


cos 


cos 


*1 


We know for total internal reflection 

n„ 


cos 6^ > 


n 

n. 


1 


s in 


9] > 


n. 


or 


cos 


<Pt < ( 1 


n 


n 


2 } 2 


(0 


( 2 ) 
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Using eq. (1), we have 1 

n. s in ©, < ( n 2 - a?) 2 

1 1 , cos y 1 2' 


Applying Snell’s law 


- 1 — (n? - a?) 21 


n s in © < . ix. 

o o cos y ' 1 

If n 0 is unity and © M is ^ the maximum value of the angles © , i.e., 
the maximum acceptance angle , then - 

1 • 

S in ©jyj- = ~ - — ( n 1 — n 0 ) 


cos .y v 1 


or sin ©, 


s in © 


m 


M “ cos y 
nv 

discussed earlier. 


(3) 


whore © is the maximum acceptance anglo for meridional rays as 


Thus we sen that 'Skew rays can be accepted at wider angles 
than the mar id ion el rays. For y = 0, i.e., for 'the maximum value 
of coa y > (unity) ,■ 'the ray becomes' a 1 meridional ray. As y varies 
from 0. to ir , the rays tend to travel more along the surface. 
tAt y = o t 'the rn -7 travels along the surface. For any angle © >© 

0 HI 

' there is .a range for which the skew rays are accepted. It is 
interesting to note that for any numerical aperturiq^ © M can be 
'equal to 90° for Y ,: = 2 ~ As an 1 example, let ©^-*=-30°. "There- 

fore, IT A =0.5. Then for y = 90° - © = 60°, we get © • = 90°. 

m-_ , 0 o 

Hence, there will bo a cone of light of semi-conical, angle of 30 , 
followed by a dark band and 'then a ring of light due- to skew rays 
the width of which depends upon angle y. Thus ©^ depends upon y 
and the refractive indices, and there exists an angle "y for which 
ray at any © Q is accepted. 

The unit path length for a skew fay is 

1 = sec ©, = 1 

aim 

where, 1 is the unit oath length of a meridional ray. The number 

of reflections (n ) per unit length' for a skew ray work out to be, 

? 5 tan 6 1 

n = 

• s , d cos y 

»_ * “ ' -- _;U_ - 

or 1 = ® 

s cos y • 
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Thus the number of reflections increase in case of ’the skew rays 
over tho meridional rays* If, Y = 2 * "^^ ie reflections is 

infinite giving a true helical path along the interface. 

At tc nuat io n Me chan is ms ; 

The mechanisms for linear losses are: 

(a) material absorption 

(b) material scattering 

(c) mode coupling to the radiation field 

( d) radiation due to bends, and 

(e) leaky modes. 

Material, abosornt ion : Many glass compositions would show negligible 
material absorption in the wavelength regions of interest if no 
foreign elements were present, However, traces of transition metal 
or hydroxyl ions have a profound effect. Both the glass type and 
the state of oxidation of these impurities influence the absorption 

Material Scattering : Several linear scattering mechanisms can be 
distinguished, in most fibre waveguides. The most fundamental, . : 
Rayleigh- scattering, is always present due -to the inhomogeneities, 
small in comparison to the guided wavelength, which are produced 
In the guide during glass melting and fibre drawing. Rayleigh 
scattering can normally be identified by its proportionality 
to A ^ and by its angular, dependence proportional to ( 1 + cos 2 &) . 

When the inhomogeneities are comparable in size to the guided 
wavelength, Mie scattering can be observed. 

Mode _Ga.ui3l,iiig. Scatter : Variations in core diameter or core/claddi) 
refractive index difference along the length of a 'fibre waveguide 
can influence the transfer of power from one mode to another and 
■hence to the radiation field. 

R& . 4 i & tp-Q n due , to Be.nds ; All dielectric- guides , other than those 
that are absolutely straight, will radiate. 
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TWaakv Modes s It has been shown that there is a class of modes ■which 
are not completely guided, but will slowly leak. The'S'e - modes are- - 
in two classes both of which can be- represented by highly skewed 
rays . 

Pi goers ion in Optical Fibres ; 


Jnt e r—Mo dal D is ne rs io n ; It optical .f ibres only certain modes, each 
having ifcs own velocity of propagation, are allowed’ which corres- 
pond to disere'tly defined angles of incidence of rays in the 
fibre. Owing to the range of different group velocities of these 
excited modes, there -is a spread in the arrival times "of power 
transmitted in the individual modes which results "in a wider, 
dispersed pulse at the output. This is known as intermodal dis- 
person or group delay dispersion, and i& mult" imo de~ x ib res is- the 
dominant dispersion roechamism. The delay, difference between an 
axial ray. and a ray .incident at the maximum angle is given by 






Thus, for n^ = 1*45 and & ~ 8°. (corresponding to 6 = 0.0‘f), 

x =' 47 ,n sec* /km. In prg\ct ; icp the spread obtained is less : du'e 
to mode coupling between higher and lower order modes and ‘higher*' 
order and radiating modes. This results in less power througout. 


Intermodal dispersion maybe greatly reduced, however, without 

associated power losses or'reduccd launching, efficiency by 

arranging for the energy transmitted in the higher- order modes to 

travel faster than the lower order modes such that the ’ increased 

velocity compensates the longer distance traversed by the higher 

order modes to travel faster' than the lower order, modes* Since 

the modal group velocity is an inverse function of refractive 

index this may be achieved in practice by the fabrication of 

fibres having a gradual decrease in refractive index from the 

centre of the core to the co ro /cl add ing . interface. > In a- f ibre 

having an optimized profile and small, relative refractive index 

(6 « 1), neglecting othbr dispersive mechanisms, the maximum 

delay difference (v ) per km. between fastest and slowest modes 

max 
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s 2 

n, 5 

is given by = -g~£ per km 

Thus , fox n t = 1.45 and 6 = 0.01, the delay spread is 0.06 ns /km. 
Practical values are more than this. 


Material Dispersion : Material dispersion becomes the dominant 
fibre bandwidth- limiting mechanism when intermodal dispersion is 
negligible . Material dispersion, which is also known as wave 
length dispersion, arises as a result of the refractive index 
variation of the fibre with the wavelength of the signal source. 
Practical sources used in optical fibre transmission systems have 
a finite spectral linewidth and since the fibre refractive index 
is different for different frequency components of the source , 
there is a finite range of group velocities which results in a spr- 
eading of a pialse propagating in the fibre. The pulse spread ) 

due to material dispersion is proportional to the second derivative 
of the refractive index w.r.t. wavelength, 

A 

G 




,2 
d n 


d X ' 




for G-aHAs laser of line width 4 nm centred at 900 nm, the material 
dispersion is 0*35 ns /km. For an LED this is 3*5 n sec/km. 


It has been shown that the second derivative of n and hence the 
material dispersion falls to zero at a wavelength in the region 1 .2 
- 1.4 'p m an< 3- then increases with wavelength but with a change , of 
sign ( i.e., longer wavelengths are delayed w.r.t . shorter wavelengths) 


Wavegu ide, Dispersion ; There is a third dispersive mechanism knowfl 
as waveguide dispersion. This arises as a result of the X depen- 
dence of the group velocity in each mode. This is obtained as 
about 6.6 p sec/nm. km. Cancellation cf waveguide dispersion with 
material dispersion may take place a little above 1 . 3 ' pm when the 
latter changes sign. 

Sleet £Q -Optic Transducers .(Light Sources) 

Light Emitting Modes /LED’s) 

Laser Diodes 

G a Alls LED’s emit in the 0.85 pm to 0»9 pm region 
GalnlsP/IaP LED’s emit in the 1.25 pm to 1 .3 pm region. 

LED’s are simple to construct, extremely easy to modulate, and 
has well-defined reliability/degradation characteristics. 
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LED’s work Toy spontaneous radiation* 


LED’s have linear characteristics, so do re suitable for analog 
systems . 

LED’s have smaller light pov*r output than lasers. 

LED’s are incoherent sources- spectral width is of the order of 
40 nm. 

LED’s can be modulated directly. 

Lasers to be used for fibre optics must bn of C¥ type. 

They have much higher output than LED’s. Lasers are morn coherent 
sources than LED’s -:i to 4- nm spectral width. 

If a LED is operating with a binary input, the light output 
will be between zero and some maximum. 

In the case of laser, some spontaneous emission occurs _at i . 
low currents where the device behaves just like an LED. As the 
current is increased a threshold is reached, 1^, beyond which 
lasing occurs.- ■ ' L " 


The threshold current of lasers vary with temperature and 
time, and differs from time to time. This causes the operating 
point to vary if the drive current is held constant. So some 
kind of feedback control is necessary to keep I_^ undercontrol* 
The above control system provides real time feedback at d.c. 
and low frequencies, and mean power feedback at high frequencies. 


Photo Detectors : (Opto-Electric Transducers) 

Photo detectors used in fibre optics are of two types: 

PIE Photo detectors 
APD Photo detectors 

In the APD the electrical output signal from the photodetector 
goes through multiplication within the device due to the avalanche 
process created by the presence of high electric fields. 
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No ise at the outout of the detectors appear from several 
sources : 

(a) Fundamental quantum noise which is simply shot noise in the 
photon current f In effect, it results from the random time 
of arrival of the photons. It has the important property 
that it depends on the signal level. 

(h) Multiplication noise, or additional shot noise in multiplica 
tion. This results from th<= statistical nature of the multi 
plication process in photo multipliers. 

(c) Dark current or leakage current, independent of illumination 
that increases the. shove shot noise effects. 

( d) Thermal noise in the amplifier. 

(e) Noise in the transmitted signal or generated in the trans- 
mission medium. 

Si - mostly used in the 0.85 “0.9 pm region 
G-e ~ used in the 1.3 - 1.55 pm region 

APD«s can have fast response - from well below 1 n. sec. to a 
few n. secs . 

The receiver circuit must provide a steady reverse bias 
voltage for the photodiode. 

For PIN r a hias voltage of 5 to 80 Y with extremely low current 
- .it is not critical. 

For 4PD “ A hias voltage of 100 to 400 Y is needed - it is cri- 
tical since the multiplication factor depends on this 
critically. 

A remedy to this is to bias the APD with a d.c. constant 
current source. . . 





*4 ?, * 
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WL'- 


Ope rat ing 
Voltage(V) 


Edge Emi- 
tting 1 *8 

LID Burras 1 .6 

LED Burrus 1 .6' 

LED Burrus 1 -6 

LED Surface 
emitting 1 ,6 


Mean 

Reference 

current (a) 

0/P Power 
( dBm) 

0.15 

-14.0 

0.3 

-10,0 

0.3 

"-T.0 

0.3“ 

- - 5 -. 2 

0.1 

-7.9 


X ¥ in do w F ib re 
( nm) C Ref crence) 



' -Core Dia 
- ( pm) 

I. A. 

850 

82 

to ' 

* 

o 

900 

63 

0 * 48 

900 

63 

0.48 

900 

~63 

0.48 

820 

( 250) 

(0.39) 


Lasers,. 

• 








Max. 

Typical 

Typical 

Typical 

X 

Spectral 

Rise 


Output 

Drive 

Threshold Forward 

(nm) 

Width 

Time 


Power 

(mW) 

Current 

(mA) 

current 

(mA) 

voltage 
• at I th (V) 

— 

( nm) 

( psec) 






2 

185 

150 

1.8 

860 

1 



1 

110 

' '80 

1 .8 

850 

2‘ : * 


GaAlAs 

DH 

' 2 
( in 50 urn 

115 

90„ . 

2.0 

830 

2 J .5 

100 


1 25 pm f ibre) 

RA=0 .2, Graded 


* 


-•[- 



Index 








7 

185 

150 

1 .85 

850 

: 1 



( into MA=0 . 5 ) 







tm .1 

Area 

(mm^) 


0.8 


Bias 

Voltage 

(V) 

. Sensitivity 
(A/W) 

Dark 
Current 
(nA) - 

Capac 

tan'ce 

(pF/ 

10 

0.3 

0.15 

1 

45 

0.6/0.15 
(900) (1060) 

10 

X 

2.5 

45 

0.6/0.15 

30 ' 

'6 

45 * ‘ 

0.6/0.15 

70 

■ ^ 55 

45 

0.6/0.15 

300 

* ' 70 


Core. N.A* , Typipal Quan- 
Dia(pm) ' Spe'd%rai’ turn 
Response p($>) 
range ( am) 

190 0.48 

Rise Time=3/5 400—1400 83/17 
ns (900) (1060) (500/ 

(106 0 ) 

5/8 400-1100 83/17 
10/18 400-1 100 --83/17 
10/22 400-1100 ^3/17 


5 

50 

100 
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2 

Area(mm ) Bias 
Yoltage(Y) 


0.5 

0.2 

7 


275-4257 

180-250V 

275-425 


Gain Sensitivity Dark 
A/ W 


Cap. 


120 

150 

75 


75/18 

65 

45/25 


Gurrent (pF) 
“ 


|ise 


ime 

3 ) 


50 nA 
15 nA 
10 nA 



7 


400-1100 85 . 


1.6 0.5/400-1100 60/ 

10 2/ 400-1150 85/ 


Optical Petcctors : 

Important requirements to be fulfilled By photo detectors used 


in fibre optics: 

(a) High response at the wavelength of emission. 

(b) Sufficient bandwidth or speed of response. 

( c) Minimum additional noise introduced by the detector. 

(d) low susceptibility of performance characteristics to change 
in ambient conditions. 

(e) Compatibility in size, power supply requirements and coupling 
to the fibre. 


PIN -Photodiode: 

When the incident photon energy h becomes greater than the band gap, 
the photon can excite an electron from the valence band to the 
conduction band (absorption). Every semiconductor becomes absorptiv 
at some critical wavelength. This limit is known as the- absorption 

4 


edge. 

x~ _ JCf 



C “ /S3 


.Material 

Energy gap, AC (eV) 


Pb' S 

0.34 - 6.37 

3-35 - 3* 

Ge 

0.67 

1 .85 

Si 

1 .14 

1 .09 

GaiU3 

1 .43 

0.87 

G-a P 

2.26 

0.55 


Optical power incident on the photo diode gets absorbed 
and pro dupes eloctron-hole pairs resulting- in mainly displacement 
current. The number of electron— hole, pairs produced depends 
mainly' on the quantum efficiency of the diode. ■ 
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Quantum efficiency ( p) of the diode is defined as the fraction 
of electrons- • emitted when a single photon of energy h"V is received 
"by the photodetector, where h is the Plank’s constant and 'x? is the 
frequency of the propagated light. 

In the PIN photodiode thore is often a trade-off between the quan- 
tum efficiency and the speed of response. Por higher quantum 
efficiency long absorption region is required-. Por high speed we 
require short drift times, thus a short absorpiton region resulting 
in a trade-off between p and the speed of response. 

An ideal photodiode, i.e«, one which produces one electron 
for every photon incident on it, operating at 1 pm wavelength will 
have the responsivity of about 0.8 amp. per. watt. 

Respons ivity (R.) is defined as the average emitted current 
divided by the average incident power 

R = £“T * 'H coulombs/joule (=amps/watt) 

where e is the electron charge in coulmbs. 

Since the optical power levels we are interested in detecting can 
be as low as a few nanowatts, the photoelectron current will be a 
few nanoamperes or less* Thus the amplifier stages used after the 
detector which generate thermal noise, limits the performance of 
the optical receivers. Thus it is desirable to have a mechanism 
to increase the detector responsivity before amplification. 

Avalanche photodiodes (APD) provide such a mechanism. 

The doping profile is adjusted to result in a narrow region to the 
left of the intrinsic ( i) region where high electric fields exist. 
Carriers which drift into this region can be accelerated to velo- 
cities which arr sufficiently high to generate new electron-hole 
pairs through the process of collision ionization. These new 
carriers can in turn generate additional pairs. The result is an 
effective amplification of the photodiode output current. But, 
unfortunately, this amplification is random. The variance of this 
random process is made as small as possible by proper device design. 
As stated above the speed of response of a PIN detector is governed 
"by the time it takes for carriers to cross the T i’ region. Por 
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APD the speed of response is governed Toy the time it takes for 
carriers to cross the 1 i* region plus the- time required, for multi- 
plication process in the high field region* In practical APD's 
there is a trade off between the gain and the bandwidth (response 
speed) . „ . - . 

PIN Photodiode ModS .1 : 

The PIN photodiode circuit and its incremental equivalent 
circuit is shown 

0^ = Diode Junction Capacitance 
Rg = Diode Series Resistance 
R-^ = Physical Load Resistor 

The diode as' can be seen is eseentially a current source. The small 
series resistance is negl ig ibl e ■ in most applications. The load 
is the amplifier to be used with the photodiode modeled as a 
resistor in parallel with a capacitor followed by an ideal, , in- 
finite" impedance amplifier. If A(f) is the amplifier gain and 1(f) 
the detector 'current at a frequency f, the output voltage is given 
by: 

- 7(f) = 1(f) Z(f) A(f ) 

t * 

where Z(f) = t 

' R^ + 32TCf °T 

is the' impedance of the load, and 

*1 = _i_ ~ _l 

h i \ 

and 0 T = 0 A * 0 d , 

If the optical power falling on the detector with rosp'ons ivity 
E (amps /watt) is p(t) watts, then the amplifier output voltage is 

v(t) = p(t) B *h dlode (t) *h amp (t) . 
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where h diodQ (t) is th* detector impulse response, and 
h am p(t) is the load amplifier impulse response. 

It is to be noted that p(t), the received optical power 
varies in time at a baseband rate- and not at an optical rate. 
Further, tho model assumes that the detector output current is a 
linearly filtered version of the received optical power. 

APD Model 

Ihe above is a schematic of an APD biasing circuit. The APD 
responsivity is a strong function of the bias voltage. Therefore, 
power supply has to be controlled by a temperature compensating 
circuit to maintain a fix^-d avalanche gain, because temperature 
variation varies tho detector breakdown voltage. The equivalent 
circuit of an APD is identical to that of a PM diode. Since the 
avalanche gain is bias sensitive, saturation can occur if the 
applied signal variations are very large, therefore caution must 
be oxcercised. 

11 o is e in Pho t o d io de s : 

Various sources of noise associated with the detection and 
amplification process for an APD are depicted on next pagb 

Normally when the photodiode is without the internal avalanche 
gain, thermal noise arising from the detector load resistance and 
from active elements of tho amplifier dominate. 'When internal gain 
is employed, the relative significance of thermal noise reduces. 
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Detector Model : 





i d (t) 



e ^~2.) Inhcmogeaous Poisson 

d Process with, intensity 

^(t),o = electron charge 


^ d (° aa ^•^■duiogciious Poisson counting process with intensity 









Fig. 1-2 (a) Side View- o f * a Step Index Fibre 
shewing e typical Meridional Ray 
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Cross -Sectional View 


(a) Typical Skew Ray 


Y ^ 



(b) 



'Fig. 1-3 Skew R.ay and 


Associated Angles 



PKC-20 


(For Restricted use only) IS! SB Comm. Mag. 

May, 1984. 

OPTICAl FIBER TRANSMISSION FROM CONCEPTION TO 
PROMINENCE IN 20 YEARS 

(M. Schwarz) 

The Transmittal of information by optical m^ans, such as 

smoke and fire signals. Gates back to prehistoric times. However 
little advance in these methods appears to have occurod until 17*9-1 
when Chappe invented and demonstrated tho optical telegraph [1]. 
This system was widely used in France and in other parts of Europe 
for more than 60 year, in 1870 the physicist John Tyndall demons- 
trated that light could be guided along a curved path in water. 
Subsequently, in 1910, Hondros and Debye [2] laid the foundation 
for understanding this behsviour when they analyzed dielectric 
waveguides in their studies of tho propagation of radio waves. 

In 1880, A.G-. Bell invented and patented the ’Photophone *, 
which he used to transmit speech signals at distance of a few 
hundred meters. This system used intens ity-modulated sunlight 
reflected from a mitrro?, atmospheric transmission, and a selenium 
detector. However, because the system lacked a well-controlled 
medium, a dependable optical source, and a sensitive detector. 
Bell’s Photophone lost out to another, somewhat better known, 

Bell invent ion-the telephone. 


Technical development in the field of optical communications 
again seemed to cease until the invention and realization of the 
laser in 1959 and i960. The prospects of a controlled sourtc 
capable of transmitting enormous amounts of information, at a time 
when the importance of information in the society of the future was 
Just being recognized, led to major research efforts to uncover a 
low-loss, wen-controlled, guided optical medium. The breakthrough 
occurred in ,966 when K.C. and G.A. Beckham [3] of STL proposed 
a olad glass fiber as a suitable dielectric waveguide. They pre- 
dicted that a loss of 20 dB/to should be attainable in such fibers. 
These remarkable predictions, at a time when the lowest loss in 
1 ers was about 1000 SB/km, led to increasing research in glass 

8ff0rtS “ maay parts of «» world. By 
Samlie3 P-Pared with losses as low 

4]. In 1970, F.r. Kapron, D.B . Keck, and R.D. Maurer 
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[5] of Corning 01s#s Works reported on a doped-silica clad f iber 
that achieved the 20 dB/km loss bogey. That same year, just eight 
years.. after the development of the first semiconductor injection 
laser (Gals, low temperature, pulse operated only), T* Hayashi and 
others[6] at AT&T Bell Laboratories achieved continuous, albeit 
short-lived,- operation at room temperature and optical confinement* 
with 'an UGaAs doubleheterostructure device which was lattice -matched 
to a Gals substrate. ' 

Is promising as these developments were, there still seemed 
to be enormous obstacles to making optical fiber transmission 
practical. Some of the major issues at that time were: 

. Could be: loss the reduced to the range of a few dB/km or 
less to gain a regenerator spacing advantage over competing 
wideband technologies, such as COAX? — 

..Could fibers be produced at sufficiently low cost to make 
optical fiber transmission economically attractive 

. Could fibers be drawn with sufficient strength to survive 
manufacture, cabling, installation, and field use? 

. 'Could fiber dimensions and index-of-ref raction profile be 
controlled well enough to permit satisfactory transmission 
characteristics and reasonable splice losses? , „ 

» Could splicing be performed in the hostile field environ- 
ment. with sufficient alignment accuracy, freedom from con- 
tamination, and stability to allow stable system performance? 

* t * v - ' 

• Could practical optical fiber connectors be designed? 

• Could injection laser lifetimes, then measured in minutes, 
be extended to the tens of thousands of hours needed for 
real systems? 

* t 

. Gould laser light be coupled without large loss into optical 
fibers? • r 
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, . ,, affirmative answers were reached 

’In tire succeeding 13 years, all irmavxve 

to these questions, and to other vital ones which had not even 
been identified! An. excellent object® historic account of opti- 
cal fiber commun icat ions has been provided^e^ by 1. L f i[7] . : 

In this admittedly personalised and not so objective account, 
I will review" the psogress^ade in optical fiber transmission, 
■with emphasis on the medium,, while pointing out : 

. the set of optical and physical materials, properties, and 
discoveries which jointly make optical fiber communications 

practical : and 

. that scientific and engineering knowledge and tools, along wi- 
the nechssary incentive, were in place by this time which 
supported a period of remarkable progress* 

LOW-LOSS gIBBBS;QM.W TO..SQQB 

As previously indicated, the lo west-loss optical f ib.er that 
has been made by 1965 had a loss of about 1000 dB/km. As enginee] 
we sometimes throw such numbers around with great abandon without 
giving enough thought to their signif icance • To put things in tb 
perspective of that time (1965), let us assume that we wanted t< 
transmit a signal via. an optical fiber over distance of 1 .km (a 
short distance br telecommunications standards), without am pi if ica- 
tion or regeneration,. . Since the weakest signal -we can possibly 
detect corresponds to a single photon, and assuming a source 
.wavelength X = Ip®} the minimal detectable energy E d is 

E d = hv = (6.625 x to“ 27 )(3 x 10 l4 )ergs (1) 

B d = 20 x,10~ 20 joules (2) 

issuming a fOOG-dB, average loss in transmission, the required 
average input energy E^, is ’ ' -l 

B d = E d x 10 100 = 20 x 10 80 joules'-' 
to get, on the' average, one photon out} 


( 3 ) 
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One of 'the many ways to show that this number is absurdly 
large is to note that the total world energy production in 1981 was 
284* 51 -quadrillion BTC [8], Hence, it would take Y years 


Y = 

Y = 


>0 x 10 80 joule? 


( 284*51 !s ^ L -)x10 1:? X 1054.8 J ^ 2 ||§ 1 


6.67 x 10° years 


( 4 } 
(5) 


to produce enogh energy, at the 1981 rate, to average 1 photon out 
of the 1-km fiber length. (Of course the fiber would have disinte- 
grated in the first millisecond). 


The previous calculation indicates the significance of the 

Eao-Hockham prediction that losses of less than 20 dB/km were possible 
in optical fibers* 3h their 1966 paper [3] they concluded thatj 
'Theoretical .and experimental studies indicate that a fiber of glassy 
material constructed in a cladded structure "represents a .practical 
optical waveguide with important potential as a new. form of commu- 
nications medium... The crucial material problem appears .-to be one 
which is difficult but not impossible. Certainly, the required 
loss figure of around 20 dB/km is much higher than the lower limit 
of loss figure imposed by fundamental mechanisms'. 

In order to make this prediction, Eao and.Hockham had to esta- 
blish the theoretical waveguide and materials properties of the 
optical -fiber dielectric medium, and, demonstrate that the materials 
and dimensional requirements .were realizable. Kao [9] points out 
that 'dimensional tolerance requirements had to be established on 
simulated fibers', and that 'instruments to measure optical loss 
had sensitivities several orders less than that was .required,'. In 
spite of these difficulties, rapid progress was made, including 
vastly improved optical loss ..measuring instrumentation. Figure 1 
shows the enormous progress that has been made in fiber loss versus 
c al e udar •' year •' , . ’ . 

It has already been noted how the Kao-Hociham results simulated 

fiber research in many countries. F.P. Kapron, D.B. Keck, and R.B* 
Maurer [5] achieved the goal of 20-dB/km attenuation in 197°* 
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reviewing this work in 1979- Maurer [10] points out that there were 
two key decisions made early in their research work* One was to 
use glasses consisting primarily of silica, with ^oxid-s added to 
the extent necessary to increase, the refractive index. These glasse 
have provided the lowest attenuations yet achieved and have excell- 
ent physical properties .• • The other decision was, to use vapor phase 
processes for manuf acturing the glass preform, or rod from which the 
fiber is drawn. Vapour phase processes have not only provioed the 
necessary purity but, in addition, have turned out to be surprising! 
flexible when adapted to new ways of making the preform. As a resul 
both ideas seem to have stood the test of time ano. remain at the 
heart of today's technology'. 

The choice of glasses made principally of silica was very impo- 
rtant from the physical properties point of view, and because of the 
cost and availability of silicon tetrachloride. High-silica glasses 
tend to be chemically stable and durable, and if properly formed 
and free of inclusions and surface damage, can be even stronger thaa 
steel. The vapor £hase process normally starts with reasonably pure 
liquid chlorides, such as silicon tetrachloride and germanium tetra- 
chloride, which, are vaporized in bubblers and carried by the oxygen 
carrier gas through a hot zone in which the oxides are formed. 

This process results in a substantial purification by a factor of 
1000 or more with respect to iron, copper, and other transition 
metal ions, because of the large difference in vapor pressures in- 
volved. This self -pur if icat ion process, and the avoidance of con~ ! 
tainer-induced contamination associated with melt operations per- 
formed in other glass-forming methods, continue to make vapor-phase 
methods extremely attractive for low-loss fiber fabrication. 

At this time, the principal methods for fabricating fiber 
preforms, from which the optical fiber is drawn, are; the Outside 
Vapor Deposition (OVD) process [11,12], the Modified Chemical Vapor 
Deposition (MCVD) process [13]# the Vaporphase Axial Deposition (VAI 
process [14], and the Plasma Chemical Vapor Deposition( PCVD) process 
[15]. Perhaps because 'it has resulted in high-quality multimode 
and singlemode (SM) production fibers and is-well understood [16-19] 
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the MCVD ^process is widely used throughout the world for fiber manu- 
facture. -Figure 2 is a schematic of the vaporphase MCVD process. 

Based on results obtained thus far, it appears that there may 
be little vo choose oevween the alternative processj insofar as 
producing low losses is concerned. Figure 3 shows the loss versus 
wavelength ior a good, but nor champion, multimocie high— silica fib=r 
produced by such a process. However, there may be some differences 
in the area of profile control, and hence bandwidth reproducibility 
for mih-'timode fibers and 1 zero dispersion wavelength* for SM fibers. 
These factors, 'and the cost of fiber production, ‘are likely to. de- 
termine the preferred process in the future. 

O ptical Fiber Bandwidth 

Si ep index multimode optical fibers, such as shown in Fig. 4(a), 
with relative index of refraction difference A = 0.01, have a band- 
width distance product of about 10 or 20 MHz. km. The bandwidth 
distance product of such fibers is in fact proportional to A"* 1 . 

The relatively small ’ bandwidth of such fibers is due to the differ- 
ences in path length of the different rays supported by the multi- 
mode guide. In 1964, S.B. Miller [19] made the important proposal 
that the refractive index be graded, as in Fig 4(b) ^ to reduce 
intermodal dispersion. By proper choice of index profile ( a nc-ar 
parabolic profile) the maximum bandwidth versus wavelength is pro- 

— O 

portions! ,to A ® Since. A is of the order of 0.01, a very signi- 
ficant increase in bandwidth over the step index case is possible. 
However the bandwidth is very sensitive to the index profile, that 
is, small distortions greatly reduce the bandwidth. In addition,- - ' 
the bandwidth versus wavelength curve is very sharp (see Fig. 5*), 
and the location 'of the peak depends on the dopant concentrations. 

These sensitivities have made it difficult to repeatedly achieve 
bandwiciths close to the maximum theoretical value of multimode fibers 
in production. Figure 5 shows the bandwidth versus 'wavelength 
characteristic of the champion mult imo-dfe f iber which' had the largest 
bandwidth yet attained [20].' r This fiber was made, by the VAD process. 
However, in production -ft has been difficult to consistently attain 
high bandwidth with the VAD process, due to the difficulty of con- 
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“'trolling the involved aerodynamics. This may result in the YA D 
process being used principally for SM fibers (and perhaps low-band- 
width multimode fibers, that is, <300 MHz. km), since the index 
pfofile is less critical for SK-fibers. 

Based on manuf acturing results reported to this date, high 
yields ^ 9 Ofa) of multimode fiber with bannwidths of more than 1500$ 
km have not been obtained with any known process. With the shift 
of systems to the long wavelength region and the consequent reduc- 
tion in loss, bandwidth becomes the factor limiting the repeater 
spacing of multimode systems. This is the case even though mode- 
rnising, that is, the exchange of energy between modes due to fiber 
nonuniformities, results in bandwidth decreasing with fiber length 
(1) more slowly than L -1 . Nevertheless, the need for greater 
bandwidth leads to the use of SM fiber, such as that shown in Pig. 
-4(c), In the wavelength range in which the fiber supports a single 
mode, intermodal differential delays are eliminated, ’Pib^r bandwidt 
becomes dependent on wageguide dispersion and material dispersion, 
as well as optical source bandwidth. In the wavelength region wher 
material dispersion and waveguide dispersion essentially cancel one 
another, fiber bandwidth can be extremely large. Furthermore , with 
an appropriate choice of core diameter, profile shape, and&, the 

•zero diapers ion T crossover can be controlled such that production 
fiber bandwidth remains high at the selected system wavelength. 
Figure 4(d) shows a depressed cladding SM fiber. One of the advan- 
tages of this fiber is that the required b value can he attained wi 
a lower dopant concentrat ion, and hence a lower Rayleigh scattering 
loss-Figure 6 illustrates a quadruply clad fiber which has <2 ps/nm 
km dispersion in the entire wavelength range between 13-16 pm [21]. 
Such a fiber is well— suited for simultaneous transmission of many 
wavelengths (wavelength division multiplexing (TOM)). 

Physical Strength of optical Fibers 

In the early 1970’s, just after the announcement of the first 
low— loss optical fiber, the physical end chemical properties of 
-fibers received much increased attention. Until that time, most 


PEG —27 


of the research on the strength of glass filers, and the achievements 
made, related to fibers in the millimeter to few cent imetcr length 

range. Cable and m.anuf acturing engineers changed ell that by 
telling their ceramist and metallurgist colleagues something like, 

H 

I T ve got to make cables in. kilometer lengths. ~I need to* 
know and design for the minimum strength / strain capability of kilo- 
meter lengths of fibers, not the maximum strength of short lengths i 

It was alre?„dy well known that gl^ss fibers under tension be- 
have nearly like linear elastic solids until a critical stres>s in- 
tensity for the material is reached [22], at which point brittle 
failure occurs. The stress intensity is highest at crack tips of 
flawsj hence fiber strength depends on the flaw distribution. The 
distribution of flaw size depends very strongly on the material, and 
processing history of tho sample, and consequently .can have a large 
range [23]. Figure 7 shows the strain capability of high-silica 
fiber versus the maximum flaw size. The maximum flaw size alone 
(weakest link phenomenon) determines the fiber strength, and since 
the maximum flaw size will increase statistically with the length, 
it is clear why measurements on short lengths provide little infor- 
mation on the strength of long fibers. From the figure ife can be- 
seen that tho maximum allowable flaw size to achieve 1% strain is 

of flic order of 1 pm. To provide a feeling for what this means, if 
someone took a pristine sample of newly-formed high-silica glass and 
lightly ran their fingers on the surface, the strain capability would 
drop to a few tenths of a percent, indicating a' maximum flaw size 
in the 5 pm range 2 

The foregoing indicates one of the fundamental issues in the 
physical properties of glass, namely, the statistical nature of 
its strength. The second important strength issue, known as static - 
fatigue, is that water can degrade the strength of glass [24]* Both 
of these phenomena are fundamental consequences of the atomic stru- 
cture of glass.; therefore, they can be altered in extent, but not 
in kind , by composition and processing changes [23]. 


t 
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It is noteworthy that high— sillica glasses, relative to other 
glasses, have very-high tensile strength versus flaw size, as well 
as good static fatigue behavior. That is, the very same material 
systems which are capable of yielding low-loss low-cost fibers also 
possess the best physical properties* nevertheless, ootical fibers 

in contrast to metallic conductors— have a statistical distribution 
of strengths, as o prosed to an essentially deterministic strength. 
The question asked by our cable engineer ixi the early TO 's was: how 
could one assure a minimum level of tensile strain on which to base 
cable design and manufacture: The answer, which was and is employed 
in most optical -fiber cable manufacturing processes, was to emoloy 
proof testing [24-26]. In proof testing, every segment of the fibei 
is exposed to a short-term tensile strain' test, in some ca.ses in-1 in 
with the fiber draw process. This truncates the fiber strain distrj 
bution on the low side and provides the design engineer with a ten- 
sile strain capability equal to or greater than the proof strain. 
Today, typical proof -strain values in f iber, manufacture are in the 

.5% - 1*5% range. 

' ! 

Even if fibers can be drawn with the large strain capability, 
it is almost impossible to handle them directly without introducing 
flaws in ihG process. This, led to the idea of ini ine . co at ing 'of the 
fiber*' the. most successful versions of which have been polymer ‘coa- 
tings. In this process, the freshly drawn fibers are passed through 
a die containing a liquid polymer, which is subsequently cured 
thermally or by UV radiation, for example. The central idea is thai 
contact with the fiber surface by particular matter is avoided* 
hence, abrasion— and handling-induced flaws are avoided. Once the 
coating has set up, the fiber can be fpd over capstans, placed on 
reels , • strandad into units, and cabled. 

In order to obtain very— high strength fibers, many factors neec 
to be controlled [18,23,27]: Big* 8 summarizes some of these. By 
paying careful attention to these factors, very— high— strength fibers 
have been fabricated. Figure 9 [18] summarizes some of the highest 
fiber strengths obtained to date. The 500 ksi (1 ksi = 1000 lbs/in' 
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strength which • corresponds to about 5ft > strain indicates a maxi- 
flaw size of about 0.04 pm . Tho result associated with the light ~ 
guide sea trial., reported by Runge [28] - that 101 km of fiber in 
>. 2 .5km lengths had boon assembled and spliced and passed proof test 
of 200 ksi-is particularly significant. 

Cabling and S cl icing 

In the early 1970’s there were strong concerns about achieving 
high fiber survival, rate in optical cable manufacture. This is not 
hard to understand for those who have seen the machinery in a con- 
ventional cable -manufacturing plant. Getting —7 00 pm diameter 

fibers through such processes without breaks seemed to be an incre- 
dible task „ It was a very difficult job, but in-line coating tech- 
niques end proof testing provided the strength and handling proper- 
ties required to make cable manufacture practical. 

Another problem ’unique to o.ptical fibers’, called microbend- 
ing was discovered [29,30]. If was observed that small deflections 
of the fiber axis (in the submio-ron range or largc-r) with .periods 
of about 1 mm can cause large losses (tens of dB/km) in graded index 
multimode fibers. At the time, there was concern ns to whether it 
would-be possible to avoid such tiny bends in cabled fibers. How- 
ever, it was soon realized that coating design could play an impor- 
tant role in controlling microbending. Gloge [31] demonstrated that 
hard or soft coatings, and combinations- thereof, could be used to 
control microbending. 

Two basically different cable design approaches were taken. 

In the first approach, tight mechanical goupling exists between the 
fibers and the cable sheath. This approach, which is similar to 
conventional cables, has the advantage that it is easy to match the 
’fib^r length’ to the sheath length in manufacture. However, it 
requires that the cable sheath take installation loads with little 
elongation, since the fibers usually have relatively small elongat- 
ion to break when compared to copper (about 1ft. for fibers compared 
to more than 20ft. for copper) . The tight mechanical coupling appro- 
ach led, to the use of thick fiber coatings to prevent microbending 
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loss due to the effects of pressure from other cable components . oc 
the fibers. Figure 10(a) shows the cross section of a typical 
coated fiber used in the ‘’tight conf igurat ion ' . The- .dimeas ions 
arc- dominated by the coating and hence optical cables* with this > 
tjeoe of coated fiber tend not to be space efficient. A second 
cable design approach places the fibers in loose structures, as 
shown in Fig. 11. Since the fibers are loose, they need not be. 
pressed on fcy other cable members, and the inherent fiber stiff not 
c an prevent ~ microbends . Such designs can employ thinner coatings, 
as shown in Fig. 10(b). However, manufacture of cables with loos- 
ely coupled fibers requires care to avoid introducing excessive 
fiber length mismatch with the sheath length. For example, if ths 
fibers are ’too long’ they will tend to buckle and bend jug losses 
can result. On the other hand, if the fibers are too short, they 
will break under tensilcle loading. Figure 12 taken from [32], 
shows a number of high-density cables (with a large number of 
fibers per unit erbss section). The highest-dens ity and lowest- 
-.reight fib«r is achieved by the ribbon-based cable shown in Fig. 
12(e)* High-density and low weight /fiber nre important cable 
characteristics X or duct-type installations. 

Figure 13 shows the cross section of an undersea cable .with 
a tightly coupled embedded core with 12 SM fibers. Added losses 
due to cabling of 18.2' km of this cable were negligible [33]. 

In the early 1970’s, the problem of finding methods of splic: 
fibers loomed 'almost as large as the problems of attaining low 
fiber loss, adequate fiber strength, and low microbending loss. 
Although a number of different mechanisms can contribute to splice 
loss, the difficulty of the problem can be understood with the hel 
of Fig* 14 [32] • In the case of a multimode fiber with a 50 pm 
core diameter, the transverse offset between the two fibers has t< 
be less than about 8 pm to keep the loss below 0.5 IB. Attaining 
8pm alignment accuracy of 2 nearly— hair— thin f ib^rs in the .crowde 
dirty, often wet conditions that exist in manholes in metropolitan 
area seemed almost out of the question. Hot only has this been 
done ? but much lower loss performance has been attained, usually 
in the 0.1 - 0.4 dB range. This has been accomplished by clever 
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fixturing, using a variety of alignment techniques such as sleeves 
and V— grooves [32]* to "butt splice or fusion splice individual 
fibers. Some cable structures which have regular arrays of fibers, 
such as cylindrical 'V-groove cores and fiber ribbons, lend them- 
selves to mass splicing, that is a number of fibers are spliced 
together s imultaneously.' This can avoid handling the tiny indivi- 
dual fibers and spe^d up the splicing job. 

The splicing taks becomes even more difficult in the case of 
SM fibers. Figure 14 shows that transverse offset ne~-ds to be of * 
the order of 1 pm to get low splice loss. This is one of the 
reasons that SM -fiber systems followed the development of multimode 
systems. Because of the great accuracy 'required in an -SM fiber 
splice, and because most practical splicing methods will likely - 
require ’active core alignment’, that is, adjustment of the align- 
’ ment of the two cores to maximize transmission before completing 
the splice, it is likely that SM fibers will not be mass spliced. 

Both fusion and bonded butt splices of SM fibers h«ve been reported 
[34,35] with losses of 0.1 dB or less. 

High-strength SM splicing techniques, needed for undersea 
cable, which consistently have strengths > 200 Kpsi and losses of 
7^0.1 dB* have been reported [35]. 

F ield Experiments and Systems 

In order to establish the feasibility and practicality of op- 
tical fiber transmission, a number of multmode fiber experiments 
were conducted in the mid 1970’s in Japan, the United States* 

France, the United Kingdom, Italy, and Germany. The first of these, 
which emphasized cabling and splicing, was carried out -by Furukawa 
during the summer of 1974- It involved 400, meters of 4 fiber cable, 
of which 200 meters was "installed aerially, the remaining 200 meters 
was placed underground. Splicing was performed using a sleevebased 
technique. Results of the experiment were reported by Murata [36,37]* 
Optical fiber field trials and early applications in Forth America, 
Europe, and Japan are described [38—40]. ' . 
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AT&T Bell Laboratories installed an . experimental optical fiber 
trunk system in Atlanta in the latter, part of 1975 [41]* The system 
used a 650m, 144 fiber cable that was configured in a loon which 
passed through underground ducts,. Hence, optical signals could be' 
sent through the cable many times,, to establish long transmission 
lengths by appropriately connecting different f ioers of the cable 
with short jumpers at two single-fiber, jack fields. The cable, of 
the ribbon typo, wa,s mass spliced using 144 fiber array connectors 
[42], with an average loss of 0.8 dB« A full range of system expe- 
riments was carried out at 44*7 Kb/s, which yielded unropoatered 
spacings up to 10*9 km at error rates of < 10 9 and negligible 
crosstalk even with mass splicing. 

The most significant aspect of the Atlanta experiment was 
that it established the viability and practicality of all aspects 
of optical fiber trunk transmission, including the optical Cable 
medium, its installation, splicing, optical' transmitters and receiv- 
ers, electronics, optical jack fields and jumpers, and optical sys- 
tem performance. The success of the experiment led to the decision 
to install a similar system in underground ducts in the Chicago 
’Loop 1 area. The system, which began carrying service in the spring 
of 1977, provided digital video transmission for use with experimen- 
tal 45-Mb/s video terminals along with data and voice. The results 
of this effort led to the FT3 45MB/s lightwave trunk development, 
which began in 1978, and .to the first standard service in September 
1980 in the ALtanta-Smyrna area. Miller [ 32 ] reported that as of 
December 1982 more than 150000 km of cabled rf ibers -had been ins tails 
in association with FT3 and FT3C, which' are AT&T Technologies supp- 
lied lightwave transmission systems operating at 45Mb /s and 90 MB/s, 
respectively. As of December 1983, more 'than 300000 km of cabled 
optical fibers had been installed in what was the Bell System [43] 
for these s.ame -systems and for fib r, r loop carrier applications [44]< 

The first major field test using optical fibers to bring broad- 
band services to individual residences was the Hi— OVTS project [45] 
ha Japan, which began in 1978 . it used LBD‘s and plastic-clad ste] 
index glass core fibers and baseband transmission to provide a very 
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broad range of video services, including two-way ' video 'us ing chan- 
nel selection signals. It involved 1'68 subscribers and .wps confi- 
gured to help meet the social requirements and community needs -set 
by the Ministry of International Trade and Industry (Mill). 

„ -At i this time, optical fiber systems are more- than ' interesting 

f * 

ne-if technology'. In many places and instances around the world it 
has npw become necessary to justify when anything other than an 
optical fiber system is proposed for trunk or long-haul right-of- 
way applications. This is the case in a number of Bell Operating 
Compaiiesy in the United Kigdom and Canada, to name a few. Major 
long-haul routes in the United States include a 776 mile FT3C route 
along the east coast from Moseley, VA, to Cambridge, MA ; a 
500 mile FT3C system in California linking los Angeles and San 
Franc Lsco. 

SM system, with their inherently large bandwidth and longer* 
repeater spacing capability, are the main-thrust in new systems for 
?_ong and short haul applicat ‘ions.HTT in Japan has sponsored, a field 
trial of a 400-Mb/s SM fiber system between Musashino and Atsugi, ■ 
and 80~km route passing through 11 cities with 4 inf ermediate 
repeaiejrs [4p]« The system operates at 13pm and uses a cable with 
6 SM fibers, 6 graded-index multimode fibers (for comparison purp- 
oses), 2 power feeders, and 6 quads. The Jill trial was due to be - 
completed in March 1983 and was to be introduced into -the long-haul 
network in 1983. Announced plans indicated more than 60 such ins- 
tallations and 90000 fiber kilometers beginning in 1983* 

I-n addition, both the United States and the. Unit.ed Kingdom 
hav.5 announced plans for major long-haul routes using SM fiber 
[ 4 $ ,47], and some short-haul systems are already in operation [48]. 

Undersea lightwave systems are being aggressively pursued in 
the United States, the United Kingdom, France, and Japan. A Deep 
ifater Sea Trial of an undersea lightwave system was carried on by 
AT&T Bell Laboratories in September 1982 at a depth of 5*5 km 
[49,50]. The results -of the trial include the following; 
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. The 18*2 km cable, which contained 12 low-loss high-strength 
fibers, performed as anticipated during laying, holding, 
and recovery operations. 

. Error-free transmission at 274 Mb/s was demonstrated at 

1«3 pm in a concatenation of 3 regenerator spans (a length 
■jog fiber km) » The signal was looped through the cable 
3 times ( 54»6 km) to 1 underwater regenerator, then looped 
2 more times to a second underwater regenerator (36.4 km), 
from which it passed through the cable 1 more time (18.2 km) 
to a shipboard regenerator. 

The maximum change in loss due to temperature, tension, and 
pressure was less than 0«1 dB under all conditions. 

In November 1983, it was announced that AT&T ha.s been awarded 
a major portion of the first transatlantic lightwave cable system, 
known as TAT -8 [51]. The Deep Water Sea £riaL previously referred 
to laid the groundwork for, and established the viability of, tlio 
technology AT&T * will ■ employ. AT&T will provide the segment; of the 
system from a landing point in Tuckerton, UJ to a branching device 
off the European continental shelf. AT&T will supply 3146 a au tidal 
miles (nml) of undersea cable, repeaters, and terminal equipment. 
Standard Telephone and Gables will supply 279 nml of cable as 
well as repeaters and terminal equipment to reach Widemouth, 
England from the branching point* Submarcom will do the same for 
the 167 mile link from the branch point to Penmarch, Prance. AT&T 
Communications was given the responsibility for ensuring the 
technical compatibility of the three parts of the TAT -8 system. 

The system, which is planned for service in June 1968, is expected 
to provide ^the^equ iv ale nt of ,4QQQ0 two-way- telephone channels. 

As a measure of progress in the experimental systems area, the 
’world record for the longest unrepeaterod transmission distance’ 
in a Laboratory demonstration changed hands three tines last year. 
Early in 1983 .a -world record of" 119 km was achieved at AT&T Bell 
laboratories at a 420-Mb/s rate [52]. In June, 1983, Nippon Tele- 
graph and Telephone (NTT) succeeded in reaching 1 34 km at 446 Mb/s 
[53]* in the spirit of ‘can you top this', AT&T Bell Laboratories 
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reached 161— km spacing at 420 Mb/s [54] » These incredible spacings 
at such high bit rates are not practical today for real systems 
because such laboratory systems do not account for system margins, 
reliability, physical, constraints on splices, -and above all, costs. 
However, they do signify the tremendous rate of - progress being made, 
and it is possible that in a five to ten year period these parame- 
ters will be achieved in commercial systems. • - 

Qutlook for the Future 

Currently, fiber rese'arch efforts are moving to the longer' 
wavelength range beyond 2pm, where Rayleigh scattering losses can 
be much lower. Unfortunately, this means abandoning the high-silicQ. 
glasses because of their infrared absorption. A number of material; 
systems including germania, fluoride, and chalcogenide glasses are >’ 
under investigation [55] • Thus far, fiber losses have been high 
due primarily to impurities. Although some of these systems have 
the potential for losses below 0.01 dB/km, it will take considerable 
effort to get down to the 0.16-dB/km minimum reported for high-silica 
fibers [56]. Even if the impurity problems are solved, there are 
significant physical -property iseuas and difficult cost -problems to h un- 
solved before longer— wavelength systems become practical. Never- , p 

theless, the payoff potential is so large that it is ’well worth , - 

the hunt ’ . - ; 

Cther areas which appear to have significant potential-, parti- 
cularly for long wavelengths,' are coherent tranmissioh and detect- 
ion. Coherent systems have', the potential of achieving the quantum^ _ 
noise sensitivity limit, however, they require single frequency 
stabilized transmitters and local oscillators. Depending on the 

system parameters and choices, such as bit rate and type of detector, 
improvements in system sensitivity of the order of 20 dB are' theoret- 
ically possible (smaller if a reasonably good avalanche photodiode _ 

(A PD) is available). Recently, two techniques have been reported _ . 

for injection locking a diode laser and attaining f ull width- half- 
maximum line widths- of less than 10 KHz [57,]. -4- Using an injection-' 
locked transmitter and'an HeJJe local oscillator to perform heterot, \ 



-dyne, detection, a sensitivity improvement of 1 4 &B at 8 Mb/s waP 
measured over 123 km of fiber relative to a p-i—n photodiode. 
-Many issues remain to bo resolved, such as laser stability, 
polarization preservation in fibers, and nonlji^te-ar propagation 
effects, but there is -reason to be optimistic. 

Much progress has also been made in sources and detectors. 
These developments will further enhance the .ability of the new 
optical fiber technology to do old transmission jobs better '.and. 
mo're cheaply than other guided transmission systems. Perhaps 
this will eventually lead to the same kind of qualitative effect 

that integrated circuits have ha&'on electronic systems, that is, 
allowing society to do things that were inconceivable before the 
transistor 'and its descendant realizations. But, for a while at 
least,. I suspect we will focus on the quantitative side, empha- 
sizing higher' speedy, longer distances, and lower costs. I dare 
say we will' see much more of this' in the next 20 years. 

■*? a - - rw 
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OVERVIEW OP T3LE COMMMI CAP I0±\ r S VIA OPTICAL PIBBRS 
ABSTRACT 

Light-wave transmission on a glass -fiber transmission medium 
has reached a fully commercial. st’ge, with carrier wavelengths in 

the 0.82-0.85 jim region. Second generation systems will operate 

with ‘carrier wavelength in the 1.2— 1.6 pro I’egion where high silica 
fibers have more attractive loss and dispersion characteristics. 

Re search Qto&fo ittuec at' a high level, aid TV il'i lead to continued rapid 
evolution 0^ 1 Ightwave' systems. 

him ijum 

Light wave teleco'mrounication 'systems using glass fiber guides 
are now being manufactured and installed on a regular commercial 
basis. The era of experimental and trial installations appears to 
be near an end, and customers are ready for standard commercial 
offerings . 

Cables containing phothn flow in glass fibers are superseding 
cables containing electron flow in copper pairs or coaxials. App- 
lications are to undersea (intercontinental) communication systems, 
to domestic intercity systems, to metropolitan are trunking systems 
to feeder links in the subscriber loop, and to on-premises or local 
links such as data bus in computers or switching machines « The 
breadth of these applications of optics! fibers was anticipated in 
early reviews appearing in PRQCECDTASS OP THB IBBB [1]-[3]. The 
rapid evolution from research demonstration to commercial service i 

in part a reflection of intensive work in many organizations overse 
as well as in the U.S. ""In pant, it is also a ref elect ion of the 
intrinsic soundness of the new art. Barly field experience with 
fiber-guide systems in England, Japan, and the U.S. yielded essent- 
ially trouble-free operation and unexpectedly few ’problems'. 

The driving force for putting f jbers into long— distance syste 
is low transmission loss and attractive bandwidths. Installed 
cables have shown losses In the vicinity of 4 dB/km at wavelengths 
near 0.82~0.85pmj laboratory samples of spliced but uncabled fiber 
of 30 km or longer lengths have shown loss below 0.7 dB/km near 
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1.3 and system development objectives are less than 1 dB/km 
installed. Bor the multimode fibers now be ing produced, dispersion 
limits would permit a bit rate of 50 Mbit/s for repeater spans of 
at least 10 km. larger bit— rate distance products should become 
feasible, Bor single-mode fibers a bit-rate distance product of 
100 Gbit km is feasible (from the standpoint of dispersion) for 
a laser system near 1 .3 pm, These numbers are reflected in so 
much lower repeater costs than for wire-pair or coaxial systems 
that the system economics for light wave is very attractive based 
on voice traffic alone, and wide— band services would increase the 
attractiveness . 

The Bell System is installing a standard metropolitan trunk 
system in Atlanta (45 Mbit/s), has committed a 600 + mile longhaul 
system between Boston and Washington, DC, and has under exploration 
a transatlantic cable system targeted for service in the late 
1980’s. Plans arc- being developed in other countries. 

The key new components needed for light-wavs "systems are the 
fibers, the carrier-wave sources (lasers and light— emitting diodes 
(LSD’s)), and the light detectors. 

There are four processes for making the fibers that are likely 
to be used commercially: Corning Glass Works made the first low-loss 
fiber using a process called outside vapor-phase oxidation (0YP0), 
and they are still proponents of it, . Bell Laboratories invented 
the modified chemical vapor deposition (MCVD) process which was 
widely adopted by others and which produced very-low-loss fibers, 
Nippon Telegraph and Telephone Public Corporation has recently 
shown that a process they extensively explored, called vapor-phase 
axial deposition (VAD), can also make very-low-loss fibers. These 

three processes all make fibers whose composition is mostly Si0 2 

with relatively small amounts of Ge, P, and sometimes B as dopants 
to alter the index and to lower the"working temperature somewhat 
below' that fop pure Si0 2 . The fourth process, extensivly explored 
by the British Post Office, uses multicomponent glasses of much 
lower working temperature so that drawing from a crucible is 
feasible.. The latter has the capability of being a truly conjj^nu- 



PKG-44 


ous process and. if the pure starting materials becom° suitably 
low in cost, may prove the least expensive. Currently, MOV'D, OVPQ, 
and VAD make the lowest loss fibers, and all thj.ec can also make 
wide bandwidth fibers . 

Eiber-gu ide cable design differs in detail from metallic 
cable design because glass h=s notably different mechanical proper- 
ties than copper, and because the fiber develops excess loss 
(called microbending loss) if it is die to rad at po in fc. separated by 
the order of 1 mm longitudinally. Pressing against a rough surface 

could do this, for example, nevertheless, by careful engineering 

many of the cable companies are finding viable designs. Similarly, 
splicing and making demountable connectors are new challenges that 
are being met with field-viable solutions. 


Sources for light-wave transmission are an interesting and 
complicated challenge. Semiconductor lasers and LED’s are tho 
dominant candidates for fiber-guide transmission, hut within that 
scope, -there are ‘numerous options. Lasers are ideal and worth a 
premium price because they couple power more efficiently into 
the fibers and because their narrower spectral width reduces tho 
effect of the intrinsic chromatic’ d is pars ion of the silica fibers. 
Present commercial systems -for metropolitan area, trunks u-se 0.82- 
0.85 pm lasers. Longer distance systems arc also planned with 
laser sources. LED’s are adequate for data., links and are already 
extensively used.- Longer wavelength LED’s can also take on major" 
transmission roles. Whereas at 0.82-0.85 pm wavelength, tho LED 
fiber combination yields chromatic -dispersion-limited systems to a 
bit-rate distance product of about' 100 Mbit-km, the second genera- 
tion' LED— fiber systems near 1 . 3 pm wavelength permit a bit— rate- 


distance product of 2000 Mbit km due ■ to the minimal , chromatic 
dispersion of SiOg near l»3 , pm« The laser— LED ’comparison- takes on 

another dimension in the subscriber loop application. The environ 


mental temperature range encountered .by electronics’ used in the 
subscriber loop is -large - which, can be accommodated easily by 
LjjD’s but is dif f icult— f or lasers'. Lasers have an emission thr®‘ 
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sbold which is intrinsically tomperatu.ro sensitive, leading to a 
need for circuitry to automatically adjust the driving current. At 
the present state of the art, this also l^ads to shorter device life 
a t the higher temperatures . IvTaat emerges is a future in which "both 
pjlD’s and la.sors will he needed, but for different aoplicat ions • 

Further laser research is needed not only to better control 
device life, but also to achieve a source with output .in a single- 
transverse and s ingle -longitudinal mode throughout the device life. 
Only with such a device can the SiOg fiber's lowest loss regions 
near 1*55 pm be used most advantageously in very high bit rate 
systems . 

Detectors for first generation 0.82-0.85 pm systems are based 
on established silicon technology, and avalanche gain is advantage- 
ously employed. For the 1.3 and 1.5 pm regions, very satisfactory 
p-i-n detectors have b^on made in the laboratory using InGaAs and 
InGaAsP. There are excess-noise difficulties (probahly-fundamental) 
when attempting avalanche gain in these materials. The preferred 
form of receiver appears to be a p-i-n detector followed by a low- 
noise GaAsFET preamplifier. 

Getting the n^-w material systems InGaAs and InGaAsP into 
manufacture for lasers, LSD's and detectors is one of the principal 
pacing elements in 'bringing about commercial utilization of the 
attractive long wavelength region. 

The applications of fib-'r light guides in and icat ions other 
than conventions! transmission are often driven by other virtues 
of the fiber waveguide. In comnuter links, for example, the advan- 
tages are freedom from environmental electrical noise, small size, 
and of course broad bandwidth. Here fiber cost is not critical but 
device cost must be very low, reliability high, and digital error 
rate in the lO - " 11 -10~ 15 region. Although laser-based configura- 
tions have received the most attention, LED device performance 
seems closer to meeting the requirements. 

-■ ■ In Japan, the use of fiber for electric power system super- 
vision, control, and protection has reached the commercial stage. 
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H c r n the fr-p, tur.es 8,re £if p cdoip fro^* induction. £md. no iso 

due to the- insulating nature- of the medium* fherc are 35 km, of 
system in place with 20+km planned. In'" so users call for sfandr 
ardizat ion of fibers and connectors to facilitate comm'" rc iel growth.. 

In the subscriber loop some. analog light-wave transmission , 
has been usedj- because the- fib-r, link is .poro Dined with other 
analog transmission systems, the., cost of digital terminals is 
often not justified. For the longer term, however, the configura- 
tion of choice is likely to be digital, transmission on feeder links 
from the central office to remote- int erf aces whore som^ forpi of • 
multiplexing or switching is likely to bo- used to allow a plurality 
of customers to use the . large transmission cap '.city of each fib?r. 
anA S o j S low %os% V feg r ft A^^ectr^ics^anhmemory ^i£i b stimulate no- , 
vel useful transmission-switching configurations. There also is 
needed innovation on the part of the business community to make. , 


use of the new broad-band possibilities. The growth in ’broad 
band’jjwhich almost certainly will, occur .at some time, will involve 
changes in people’s living habits. Although the consumer T^ill be 
the final arbiter of the attractiveness of such changes, the busi-, 
ness community will play a key role in offering new service possi- 
bilities. The subscriber loop is the place where this action is. 
Against this backdrop of fluidity in the period ahead, suitable 
characteristics for the telecommunications facilities are adapta- 
bility and flexibility. 

Military organizations find fiber-guide transmission attrac- 
tive for telecommunications ana as elements in special apnL icat ions 

4 ~ ~ *S. 7 ' "" ■ 1 t* ' , 

For telecommunications, it is savings in weight and cost that; 
fibers offer as compared with corner cables f along with freedom 
from electromagnetic interference in congested environments . 
Examples of specialized applications include hydrophones, rotation 
sensors, acceleration sensors, and (speculatively) even a commu- 
nication tether for a guided missile. 


Ionizing radiation increases the loss of silica fibers, by 
amounts ranging from many thousands of deciblcs per' dcilome-f er 
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within a millisecond of severe exposure to a few decibels per 
kilometer, ten or more seconds aft^r exposure. In this respect, 
photons in fibers are less rugge d than electrons in -©inductors. 

The various communications uses of fibers require laser or 
LED powers no more than a f?w milliwatts, ' and at that power level 
the fibers are linear.- .At powers of the order of 100 m¥, single-mode 
fibers begin to show nonlin^arity-self-^phase modulation, stimulated 
Raman scattering, and st imulated Brillouin scattering are possibi- 
lities. Bor multimoae fibers ’a laser pow^r of about 2.5W marks the 
onset of nonlinearity. Such power levels can be generated; wh r re 
linearity is sought, they must bo avoided. There may be the 
■possibility of taking advantage of nonlinearity in future novel 
co af igurat ions . 

The forward momentum of research as well as development of 
light-wave technology is graat. The feasibility of using what has 
been called integrated optics in building multiplexing circuits 
for single -mode (and single -polarization) waves has been demonstra- 
ted in the visible wavelength region, and early realization of sin- 
gle-mode polarization-independent circuitry is expected. In this 
work lithographic techniques, analogous to those used in electronic 
integrated circuitry but including innovations needed to meet the 
requirements of lightwave circuits, have b^en created to make poss- 
ible development of complex light-wave circuitry for future light— w 
wave systems. Other work strives to combine light-wave detectors 
or sources on the same substrate with their associated electronic 
devices-i.e . , preamplifiers or drives; h c re th° lithography is 
straightforward but the semiconductor device work is new. Still 
farther in the- future, the building of both electrical and optical 
circuits in the same substrate ( I nG- a As P on InP, for example) may 
become feasible, leading to monolithic integrated electrical -optical 
circuitry which intermix photonic and electronic effects* Finally, 
the application of nrw memory and large-scale integration circuitry 
to fiber system, manufacture, and characterization needs Is certain 
to sustain the rapid evolution of this fascinating art for the 
indefinite future. 
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THE USE OF FIBER OPTICS FOR COIFJUNICATIONS2, IvISASURET-'ISNT AND (CONTROL 
— "WITH "T^TXd¥^t!BST iTTdFS 


cttroductioit 

One of the most important requirements of the ideal communi- 
cations medium for high voltage- environments is the ability to commu- 
nicate between points of high potential and points of low potential - 
without being susceptible to injected noise or dielectric breakdown. 

In High Voltage (HV), Extra High Voltage (EHV) and Ultra High Voltage 
(UHV), substations, Electromagnetic Interference (EMI) - Radio 
Frequency Interference (RFI) and ground mat potential differences 
cause problems in collecting reliable', ’ accurate high speed data using 
metallic cabling. As the nameplate ratings and the voltages increase 
the requirements for quality and quantity of data collection and ana- 
lysis increase. To meet these data requirements sophisticated mini and 
and microcomputer based Power System Control, Protection and Supery 
vision Systems are used (1,2,3). 

It appears that adaption of novel optical technologies to provide 
communications systems using fiber optics could provide (a) the 
required electrical isolation and freedom from injected noise, (b) 

faster and more reliable data transfer and (c) reduction of overall 

[ * 

costs. 

This paper provides an overview with .various systems employing 
fiber optics in high -volt ago substations-. The overview is divided 
into throe major sections: (l) Communications (2) Measurement and 
(3) Control. Each discussion includes possible advanced design 
considerations . 

COMMUNICATIONS ' 

This section deals with communications as it relates to conventio- 
nal point to point data,' voice or video interconnections using 
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In the begining it T/as of interest to sec the feasibility of 
^Free Space 11 optical linksfor video and data crunsmission* 
Three such system§ were -bought and tested* Ihc first: was a lED-drivc^ 
data set used to couple multiplexed data from the substation yard to 
control house o The second was a 5 MHz video link employing I'M modu— 
lation of a Helo laser(4) * The most recent was a laser diode 1oK 
bit- system* - Each has its Uses, however, poor visibility will knock 
this type of- system out. With the advances in fiber optic systems, 
the free space approach has lost some of its appeal . 

Hie following discussion on fiber optic link has been divided 
into four parts: (a) High voltage to ground (or high voltage), (b) 
test trailer to transducer, (c) relay house „tc control house and 
(d) control house to power hous<? « The first is probably only possib- 
le 'using fibers as previous attempts at using radio frequencies were 
not too reliable • The latter three take advantage 'of fiber optics 
'portability (very low weight), immunity to EMI/RFI and ground mat 
potential differences, high bandwidth, low installation costs and 
long distances between -repeaters*. 

High Voltage to Ground (or H_ig h Voltage ') Gommunicat ions 

i , , 

Fiber optics have been used in high speed (six cycles or less) 
series capacitor insertion schemes. The first devices installed 

f 

were'' control up-link only* In 1976 a more sophisticated device was 
designed by IOKIA of Finland and installed in a 500 kV line compen- 
sation station 05 Hot only was an uplink capacitor bypass command 
channel provided. but also 24 (time division multiplexed into throe 
downlink fibers) channels were provided to a ground based converter* 
Conventional coaxial cables were connected from the convertor to 
instrumentation in the 'control house* These channels provide infor- 
mation on the status of nine protective relays, seven breaker status 
points, five signal and power supply checks, one relay and channel 
continuity chock, and two analog measurements of current channels* 

In addition,, three uplink optical channels were -included to provide 

multiplex address commands to the capacitor platform. This system 
is still in service*. 
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BPA has recently installed, for test, a Wostinghouse Zn0 2 (Zinc 
Oxide) non-line ar resistor on ono 500 kV capacitor platform* Its fun- 
ction is-to absorb and dissipate high energy transients that could 
otherwise destroy ono or more capacitor sections. However, if the 
resistor itself is in danger then it, along with the series c.apaoi— 
tors must be bypassed. For this test, BPA designed, built and 
installed an energy monitoring device that integrates the energy stored 
in the resistor and issues a bypass command if the resistor is sm; 
danger. To do this it was necessary to measure the current into the 
resistor (using a conventional CT) and transmit that information to a 
microprocessor located in tho control house. For that task a 4-c hanne l 
325 meter low loss fiber link using voltage to frequency— frequency to 
voltage conversion was designed. It was unique in that +0.f full 
scale dc to 5 KHz accuracy was required. The three additional channels 
provided one voltage and two other current test readings. The capaci- 
tor platform was tested under system fault conditions, met design 
requirements and has been in service since late 1978. Other links 
are being designed for other platforms. 

Test Trailer to Transducer Oommunicat io ns 

Using the same modulation technique and similar equipment to that 
described in tho previous discussion on capacitor platforms, BPA is 
proceeding to redesign the communications links to and from its por- 
table test trailers. Previously, heavy triax cabling was used resul- 
ting in (a) difficulties -in. laying out the cables which attach* to 
various precision transducers located throughout the high voltage 
yard and (b) problems of ground isolation* The ground differentials 
may exceed several thousand volts during fault conditions, which com- 
bined with induced EMl/BFI coupling, pose problems with accurate data 
collection and interpretation.- Changing over to fiber optics and 
utilizing batteries at the transmitter site,, in addition to good 
shielding of the transmitter, eliminates the problems with ground 
differentials and induced ELIl/BFI . , Fiber optic c-able reels weigh 
only pounds as compared to the hundreds of pounds .for triax? thus, 
storage facilities and laydown times are minimized. Two different 
systems are in the planning stage, both at +0 .Inaccuracy? one with 
a response from dc to 40 KHz and the other to 5 MHz.* The interface 


. PKC-52 , 

* _ 
units vrill be designed to ..allow for a variety of inputs . Inputs J 
include Capacitive* Potential transformers (CPI's) , Current Trans- 
formers (CT l s), wirewound Potential Transformers (Pi's), pressure 
and temperature transducers, etc. The ability to run the fiber 
optic cables directly to high voltage areas is an advantage not 
possible with the triax cables . 


He lay House to Control House Communications 

Substation cable tunnels and ducts between points within the 
switchyard and the control house,, can be fairly expensive* Fiber 
optics with their inherent ability to communicate at high bandwidths, 
while requiring very little space, are expected to significantly 
• reduce these expenses • 

BPA is using sophisticated minicomputer based system to handle 
large quantities of station events data.. If remote multiplexors 
located in relay houses in the yard ero used, fiber optics can pro- 
vide noise immune links to control house Substation Integrated Con- 
trol Systems (SICS) with' much less costly ductwork. BPA has experi- 
enced no major problems in pulling fiber optic cables through exist- 
ing ductworks as present day fiber cables are very well constructed* 


Control Houso to Powerhouse Com munic at ions 

BPA substations are often located near the hydroelectric power 
houses or thermal generation plants . large quantities of secure data 
arc needed to and from those power plants . The more common data links 
have been hardwired mult iconduc tor' cable and microwave communications 
systems e ^ The cables, at times, are plagued with noise and large 
ground difxerential voltages. They are also bandwidth limited, ex- 
pensive and very difficult to install. Microwave links, without 

, are li* 1 ® °f sight only and are subject to frequency spec- 

trum _ availability . Incorporating fiber optics would allow for nearly 
unlimited bandwidth growth, ease of installation and freedom from 
noxse and ground differential voltages. Repeater spacmags of up. tp 

3 kU are feasible . Cables with internal strength members (messenger) 
arc available for over he ad routing* 
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This topic is probably best sop ar a tod into two parts i (a) Active 
(light source and3 electronic inodulption at the measurement - site) and 

f 'll Optically passive (exclusively diele.ctric at the measurement side) « 

Measurement Using Active Tran s ducers 

One of the first systems "using optical waveguides at BPA was the 
All is -Chalmers » Eraser*- current transformer. This unit was' tested in 
1963 and was designed to measure' current on a‘230 kY bus. Using a 
toroidal winding around the bus, a small representation of the line - 
current was used to frequency modulate a light Emitting Diode (ISD) •- 
This BED was close-coupled to a rigid, cladded glass rod which was 
dielectrically connected to a phototransistor and demodulator some 
six meters away at ground level. The overall concept was sound, how- 
ever, in the event the line was faulted the power supply, which relied 
on the ‘bus being energized, could not become useful in time to enable 
the modulator to provide adequate information to link protection re- 
lays . This was a serious problem. It wasn’t until 1978 when Westing- 
house, under EPB.I funding, installed for test a modified adaption of 
that device in a BPA 500 kY facility for evaluation purposes. This 
device had a startup time of loo pS or bettor (which is fast enough 
for adequate protection), utilized Analog/Digital (A/D) conversion, 
realized a 10 KHz bandwidth and provided an optical path using low 
loss, ruggedized, graded index fiber optics continuous from sit^ to 
control house (300metors) . This technology is important as it-offers 
possibilities of relief from the usually bulky conventional 0T, .pro- 
vides better dynamic current range and frequency response * -In terms 
of dollars it means lower construction and installation costs, espe- 
cially as it relates to 1200 kY instrumentation. 

little work hasbeen done in voltage measurement using similar tech- 
niques. However, ^ it would -lie quite possible to employ fiber optics to 
eliminate the use of metallic cabling in the same manner* A divider 
(resistive or capacitive) to ground would be required which still 
leaves the problem of a bulky,, expensive support device • Other, more 
sophisticated methods of measuring voltage and current are discussed 
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in subsequent paragraphs on optically passive devices . 

Other applications which employ liber optics include HV DO con- 
vertor valve control* In such a device' an optical system commands a ^ 
positive p ul se bo applied to a control grid which coun^erac cs the 
negative grid bias voltage thus triggering the valve *• lucre arc a 
number of such device's used in the Pacific -Inter tie? + 4"00kv DC Conver- 
tor station -art Colilo, near Dalles, Oregon. Also, an experimental 
Hughes-designed metallic return transfer breaker was installed for. 
test at the Oolilo DC facility which utilizes fiber optics for vol- 
tage and current measurement in conjunction with conventional CPI 
and Hall effect device transducers* 

Other parameters to be measured within a TTV facility may include 
temperature, pressure, positio ml status, field strength and gas or 
oil composition or level. It appears that all present methods of 
making these measurements could be adapted to employ fiber optics 
providing there was power available at the site to run the transducer 
and modulator* If power is not available or not practical, c *g • , ■ 

measuring temperature deep within a transformer, wirewound OPT, or 
breaker, then a more novel approach may be to power the circuitry 
with light derived power . In one approach, the photorcccption pro- 
perties of a LED could be used * Assuming that it is possible to time 
spae'e the transmitted message, an optical source at the terminal end 
(i*o DED,ID, Hole laser, ote «) oould be used to transmit enough 
power to the site ,to charge a storage and regulation device* Then at 
a timed interval (o.g*, triggered at the absence of the power beam) 
the transducer would send its message via the 1ED into the fiber 
optics to bo received and decoded at the terminal end* 7/ith fiber 
losses very low and responsiveness approaching 0*5 ampere s/wntt a 
very efficient power transfer is possible. Of course, .using a -sepa- 
rate photodiode and fiber optic channel would also do the task. 

r< , * 

Measurement Using Optically Passiv e Devices 

\ ' ■ ■ rrr -Trtmmi i ijinwjj ■ ■>'■»■> 

In .the ideal system no electronics at the measurement site would 
bo best. The entire link outside the control house, including the 
transducer,, could be dielectric, avoiding the need for power supplies? 

shielding and circuit maintenance# In 1968 BPA besan looking ±nto 
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such an approach* In ”*971 practical methods of doing this were des- 
cribed and by 1975 a prototype was designed? constructed and tested 

in several 500 kY ae facilities and one +400 kY DO facility. The - . 

system v/as a non— contact voltage measurement prototype system which 
used an electro-optic crystal irterogated by a laser beam. While lo 
this prototype did employ electronics at the site, the dielectric 
sensor was domplct ely isolated one motor distant*. Phe sensor used 
was K^DP (Deuterated Potassium. Dihydrogen Phosphate) and ita dynamic 
optical properties were the result of the Pockels effect* It essen- 
tially measured the electric field and thus' the voltage on the bus 
could bo derived. Phis device was designed as a method of detecting 
high speed (200 KHz to 1 MHz) transients for use -in automatic fault 
location equipment and used a digital fiber optic data link from 
yard to control house* 

Earlier in 1973 a materials search was conducted through a contra 
act with the Oregon Graduate Center (OGC) - Beaverton', Oregon* Phis 
contract proved voltage, current and temperature measurement, could 
be performed* (6, 7)* Phc results wasj prototype installed at a 500 
kY facility in 1977 which, using completely dielectric materials at 
the bus level, measured the voltage, current and ambient temperature,*. 
Phis was cli&ssfied as a "Free Space" device (as was the former device) 
in that interrogation sources and detectors, including analysis elec- 
tronics, were located directly below, at ground level (approximately 
seven metres from the bus and sensor module)* Attempts to integrate 
fiber optics at this time were not made due to the unavailability of 
proper low loss fiber optics and sourcc/deteetor coupling mechanics. 
However, a prototype voltage, current and temperature measurement 
system using long (up to 1 Ml) low loss fibers is being designed aisd 
constructed now (the sensors being supplied by the OGG, the rest of 
the system by EEA) • Pests of the prototype are scheduled £or odrly 
1980* Figures 5 and 6 show block diagrams depicting this approach* 

In addition,, a portable E-Field measurement device will be constru— . 

ctod to allow for quick field strength mapping instrumentation with- 

' * , 

in and around energized facilities., Phis device will employ K DP, 

however, lithium Mob ate (IIFoO^) , will be used .in the high accuracy 
(+ 0*1*), high bandwidth (up to 10-MHz) bus voltage measurement 
sensor* In the current measurement sensor, (same specifications) 
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the Faraday effect is used with a bar .ox Hoya PR-? glass (originally 
used in the 1976 froo space device). ' . - . 

The so higher bandwidths and accuracies could provide a more 
efficient approach to fault locating and some protective relaying 
schemes'* I? or example , 'two E modules spaced approximately one meter 
apart could provide information as to which direction a travelling 
wave from a power line fault was coming. * At pro sene this occision 
is deductive using other, slower methods* 

This- technology of measurement using optically passive devices 
couldbe significant in that not only can the devices be made faster 
end more accurate, but will require far less "Bulk” in the support 
structure • In 1200 kV applications this should result in significant 
cost savings* In addition the device could bo included in instru- 
mentation plans for compressed gas insulation (CGI) facilities* 

Gost savings could be realized by incorporating many sensor t 
modules in the same support -structure, as .shown in 'Figure 7* A 
typical -substation distribution 1 scheme (breaker and a .half) is shewn* 
An optimum system would -allow measurement of current on each leg and 
voltage on each section.- Using conventional technology this would, 
require eight separate structures* With -optically passive Elcctro- 
Optie/Magneto-Optic (E-0/M41) technology, only two structures would 
be required • This provides redundancy and could result' in a poss- 
ible contraction of the physical layout size of a station* 

* - * * * % 

Temperature measurement is important since the E and H~field 
crystals arc affected by ambient temperature and therefore must bo 
corrected by -feedback circuits or other means . There arc various 
methods to optically measure temperature including rotating another 
field sensitive crystal away from the field axis .(null) and optically 
monitoring its change* This could also be done using the same crys- 
tal (See Figure ., 9 ) * Other, ways include utilizing the natural thermal 
bii-3?cfringement properties of quartz*. This method will be used in 
the fiber optic coupled E-o/M-0 device (Refer to Figure 5)*. This, 
technique was first used In the 1976 BPA free apace device '(6). 
Another method involves interrogating temperature sensitive liquid 
crystal solutio rs. Still another method usos materials which, 
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exhibit dynamic optical nbsorbtion, In this technique a material - 
( i *c o , gold doped ruby 5 YIG, etc®) is interrogated by a laser bean. 

The temperature change intensity modulates the inbound light which 
is .detected and linearized romotly. 

The temperature measurement device by itself would, also be useful 

in other applications such as HV transformer overheat ing detection * 
Resolutions to Cu-1 0 are possible » 

Measuring other conditions such as positional status, pressure,, 
liquid level, density, and possibly even gas or oil composition or 
contamination,, are possible, Several ideas are shown in Figures 9 
and 10 to illustrate this point* Figure 9 shows a scheme in which 
pressure could be measured. Figure 1o shows how a 500 kV disconnect 
switch could be monitored for positional status* 

CONTROL 

Perhaps a more difficult task than the measurement of variables 
is the control of devices* Here the advantage of the 1 ’ comforts 1 ' of 
the control house for optical detection are gone and replaced by the 
noisy, dirty HY environment* .Fortunately -most control functions will 
not require the large bandwidths and rise times required in measure- 
ment so detection amplifier can be made more immune to noise* 

It BPA, control using optics has been demonstrated in various 

de-vices including trigger functions on HV AC to HV DC convertor 

valves, (ASIA-1968) HV power circuit breakers (FUG I 1/2 cycle, 500 kV 

breaker - 1974 ) and in insertion of series capacitors at line compen- 
stat ions 

sat ions/ (West ingho use - 1968, NOKIA - 1976) f All such devices use 
energy derived from the HV platform to power reception, analysis and 
trip electronics at the site , 

The design approach for optically passive control systems (comp- 
letely dielectric) is not immediately abvious at this time# IPurther- 
more, the use of optically active components for control does not 
appear practical because of the unavailability of ultra-high gain, 
high power photo-SCR ! s and TRIAC's, 
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One rather interesting control application that h .s boon ais~ 
cussed at HPA is the use of a high energy laser beam to intentionally 
cruse a lino to ground fault for lino and device testing* At pres- 
ent there are three normal methods for intentionally causing a power 
fault bolted (closing into r. fixed strap from line to ground or line 
to lire ) 5 , swinging wire ..(wire with n deadweight set up to fall into 
a lino with the tug of a rope)? and the use of a crossb.ow-arrow and 


wirco Each has elements of danger, requires extensive tine to set 
up,, is. not totally reliable, me. each has the drawback of not being 
able to ohose where on the voltage or current wave the t rc will be 

initiated * Using a high energy laser beam, coupled through ultra 
low loss large diameter fiber optics, directed to the energised bus -■ 
air (perhaps with a dopant gas) can be ionized (up to 1 meter) almost 


instantly and conduction to ground mado at any point in the cycle • 
Phis could be valuable in -worst case testing of now power equipment', 1 , 
line characteristics, a automatic fault location equipment,' cto . 


. CONCLUSION 

„ L' . ■ ' 

When the magic number of 20 dB/KM attenuation ( now approaching 1 
dB/kM) was attained in fiber design, it became apparent that fiber 
optic cables could play a, significant role in future substation 
design plans. After industry solves existing problems, such as field 

splicing, universal connectors, more efficient LED's and LSD coupl- 
ing, longer lifetimes on laser diodes, and when designs on optically 
passive transducers are tested and perfected,, then the unique advan- 
tages of this technology will be available to • engineers In helping 
thorn reduce costs and provide more reliable communications, measure- 
ment, and control service within high voltage substations*, 

B IBLOGRADHY 

1 * J«L, Jones and L,S. Greco,. 11 An Application of Minicomputers to 

the Control 'of EH? Substations",. presented at CIGBE Committee 32, 
October 12-46, 1975. ~ * : 


PEC-59 

2* L «C » Ames and W. lofstrom, Jr , ’'Implementation of an Integrated 

Gontrol System in an EHV Substation" , presented at the Western 
Protective Relay conference, Spokane, Washington, October 19-23, 
1976 * 


3* J *1 » Jones, "The Application of Microprocessors to Power System 
Data Acquisition and Control", Control of Power Systems Conference 
and Expos i tion Record, March H-16, 1977 . I3EE Publication No* 
77CH1 1 68-4R3G5 . 

4© D «C » Erickson, "Bonneville Power Administration Experience with 
Optical Communications Systems" * Rational Telecommunications 
Conference Cat No. 73 CHO 805-2MK1 Page 36 El-5 1973 * 

5o Ad. Courts, N.G. Hingarani and GoB. Stemler, "A New Series Capa- 
citor Protection Scheme Using Nonlinear Resistors" IESB Trans » 
Power Apparatus and Systems , Vol. PAS-97 ,, PP * 1 042-1 052, July/Aug « 
1 978 * 

So G*A. Massey, D*C* Erickson, R.A. Kadlec, "Electromagnetic Eicld 
Components; Their Measurement Using linear Electro-optic and . 
Magneto-Optic Effects". Applied Optics, Vol*l4* Uo* 11, Nov* 

1975 . 

7* G.A. Massey, J .0 . Johnson and D ,C « Erickson, "laser Sensing -of 

Electric ard Magnetic Eields for Power Transmission Applications" . 
SPIE Vol. 88' Polarized light 1976 . 

8o R.E. Hetoner, R.A. Ma-leswki, P .C . Cassidy: "Optical Methods of 
Electrical Measurements at High Voltages levels" « Proceedings 
IEEE, Vol .65, No .11, Nov. 1977, PP . 1524-1548. 







S>gr>*gs* 



* KfflMi mmzmmmm mwml (Rwj 

• BKNBKDt* MOTtB 

• WUWfflNTEM W 

•wroai 0 

• IQUimBD £M» CS3m> 

• mnUDlCSB 

• imimm IWLZF1£R 


Rsbws. otool smrnnc or a it® m 

<WfUS LD tftfcNBIlOT 






\errmn m cmiror. mmn 


XtXK&ft AT ASf* tr® 

r— * it jf—i 

"PffiG— ~s 

f A £ \ 

n m 

RB0G-N 

' PH C l 


nm>- cmoR 
rrara optics 4-01, *m. u? 

4-OW® TO JKM 

s mms — •«*_ 


CO=>^ 


O R M C / / FIBERS joWNBCTO 

[7 -CK / 

Csj-Et-d-^ 


/ ^*' 1 LJJ 

/ P5i 


▼ i *7 


FrM«; 


J / 

«^r '^ w# "v 
>,\ > 


f'"***! fj 

"* O li! % 


c l 


i 'Hfj** * 

V j- f 4» 
r x ] 7 o 


K * 3CTSW FlffiDJ SS’SSwwSfflHtt «*#*«) C • FIB® OPTIC OWU* 
T • ACTIVE TE«P®ATO£ SFNSH*VE mzmxK VJS.. ■ ro , rxxjKXjxoaz (ptN> 


M « SENDTW3 IOTBC8 
HJ » SOXJt&tEATXDH BEWEPUTTER 
a * txM,nm 
n « mvEPLM*- 


t, » LASER DIODE (820 rim) 

j™ . mrmm majtzrm tenperkkirr inpownori 
io and r 0 * mrasra wkotayed yvsa oj^wctk 


now® 5, 


omt» schematic anaie raoc w**®®*^ 


SYSTEM, 


ED 1 — 


5^ « — 

•® 

pd l - 


I$n ; *“ 

<t) 

t — 


TIA^ 

>*> 

r \ 

u 

X 


» 

\r 

ty*. 

' 

’j& 


si!?* 

* 

w 

\y 




LINE TOG! 


I T » ItTCENSOT MOTtKTED TEWERAWM n®^^, 
U and t'a =*' ‘©HENSTW WWLMS» HELD OOHEWmiS 
ro * pfCTCDiboE l '{Pim ; i 1 ! 

I, * LASER DIODE <820 no) I • * 

JD«*IA5Bft DRIVE _ 

TIA 1, 2 and 3 * tornsimPEDANCB AMPUFIKS ' ' 
f - E-FIECJO STRENGTH , / ! ‘ ;■ 

O « H-PIESB STRENGTH ■>- : 

I<„ * OPTICAL ENERGY INTO SYSTTN < 

l‘in * *Wln) : 


RSPIKS r WITH 20 TO tu® 
CURRENT KEASUREMlNT’ 


FIOJaE 6. Stoat DIAGRAM SHOWING COKWETION tWXESS 
It! field MEASUREMEJT SYSTEM. K!", 




as 



rmis 7, wmamomu crou. mmwmmim 
saassmm msm&mm acsass. 



s * Rems nsu? srasmvs cjwot«* 
n ■ mams woter 

m * KSJMtNStm 8S»M»UT®1 
* » MMOKAIE 

i«t» t« * ISOTSRMtJRE OMfCKSNIS 
xl; v * 3&-nau cmmm s 

c • rs» crac coupi© 

WSSBI *, m, IOWW3C S8£*m*S OS® MKTOD CT 

tmamm shtmo *m mvmmm mm a 

mbu faq fflfau^ . 



HGURE 9. KSSSSUS KOTCD 05“ HOS«a«S PRESS®?. 

asms m oerrcaas passive tecw.oce 



FIGURE 13. KHRX50 05’ 0SW3 FIftER 0?TiC? TO i;<&rrr 
Km'TXONAE. sieves of m oiscm srr. 
corker ass win. Rrmrr ras rca™ p%*T 

WE FSBI®. BKX O TBS SSME «.<I3 rsajjaes 

cs* vssrATia®’. * losmoKK. jcicirar 

blOtOKKECT Jtfi< i«9? BE METtJ) quits EfcR 
to Ki&M BBm miMi, 




Dr. S. GUPTA 


High Voltage Transf ormors 




SG—1 


HIGH V OLT AGE TRANSFORMERS 

Thej*e has been a tremendous increase in the unit sizes of 
transformers ^ in the last 30 years. Inspite of the fact that the 
basic materials have remained unchanged, a better -understanding and 
better developed technologies have contributed to reduction in 
weight per MV A - and improved efficiency. lor example, CRGO was ' 
available in 1950s* In those days, to utilise the grain orientation 
of tnis material, cores -were built up as shov/n in Fig.1 • Hie lamina- 
tions were secured through bolts and the.- flux path round these holes 
and the corners is as shovm. In a 3 phase core, corners weigh. 25 to 
30$ of the total and with the flux passing against the grain orienta- 
tion,. the iron losses may be upto twice the normal. In modern design 
the 90° joints have been replaced by 45°ioints as shown in Fi'g.2 and 
the number of bolts have also been minimised. In order to"" permit 
interleaving they are arranged as shown in Fig .3 * The study of- the 
electromagnetic phenomena of such a structure is quite complex • lor 
accurate analysis, the flux distribution is needed.* This has been 

■studied through. an analogue employing an electrolytic ' tank. We are 

/ 

all familiar with the usefulness of the latter in "high voltage 
engineering* Computer simulation h3S also been employed to calculate 

the flux distribution. In some modern designs the bolts have been 
dispensed with altogether and the core is held together by resin 

impregnated, glass tape, which is heat cured. Such cores are not only 
magnetically superior but also mechanically. The achievement can be 
ggaged by the fact that using the sane core material and flux density 

the iron losses have been halved . This has been accompanied by signi- 
ficant noise reduction also .. 

i 

WPtDINGS • - 

Results of advances in wind ings. hseve also been quite 
spectacular although conductor material as well as insulation, have 
remained virtually unchanged." Design- factors that are critical are 
different for 1 ,v./m.v. transformers and h.v. transformers. Iron 



the point of view of the windings of high voltage transformers, the. 
most critical problem is Impulse response, which is a transient res- 
ponse. The windings for this purpose are represented as follows: 



Bach section represents one turn and the parameters in each section 
are equal. When a lightning/awitching surge strikes it, the front 
of this Impulse voltage is like a quarter cycle of a smusoidal wave 
of very high frequency. Inductive elements under such conditions 
offer a very high impedance and large currents flow through the 
capacitive network. If the shunt capacitance, representing the capa- 
citance ^between the winding and core/c.asing, were absent, the voltage 
distribution would have .been uniform. The actual voltage distribu- 

i ' j ' (( , 

tion is as shown in Big *4. Thisis the initial voltage distribution 

: * 1 f * •' t i 

as shown in Big. 4(a). The voltage response with respect to time 
goes through oscillations,, when the voltage tfiay roach more than 150 % 
and the final value shows a uniform Y~distribution. 

A disc type of„ winding gives highly non-uniform voltage 
distribution, as’ shown in Big .4 • This type of winding has many ad- 
vantages as follows: 

* 

1 • It is comparatively easy to direct -the flow of oil through • ■ 

each disc and the temperature rise in the winding can be 
minimised . 

2. Mechanically it is easy to build and is robust* 

3* There' is no need for inter-layer insulation which also facilitates 
the production of a satisfactorily rigid and adequately braeed 
. winding f. 

4* The space factor is" higher. * *« * ; . 

5.. Better magnetic balance can be achieved and the calculation of 


reactance is simpler* 
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In the above cases the shields have been appliedto reduce the 
shunt capacitance • Instead j it is also pos_siblo to change the vol- 
tage distribution by increasing the series capacitance-. This can 
be done by connecting capacitors of suita.ble value «, If it were poss- 
ible to connect a large number of such capacitors, linear distribu- 
tion can be obtained • A more practical method of increasing the 

series capacitance is to interleave the winding. This is done both 
radially and axially, as shown in' Pig. 7. In this base the degree 

of improvement is a function of the extent to which it is considered 
advisable to distort the final distribution or to depart from the 
uniform steady state distribution. 

In interleaved winding the turns which are connected conse- 
cutively in series are physically not adjacent to each other. In 
the figure a typical winding is shown. The turns are wound as a 
double conductor with the second set of turns connected back in 
series with the first. In this way the series capacitance may be 
increased more than lOO times * This may be done either for a pant of 
the winding or the Whole winding. However, this also increases the 
normal power frequency stress since a higher a.c. voltage appears 
across adjacent t-urns . As in other aspects of design, the advantages 
gained in transient performance have to be traded off against steady 
state perf ormance * < 

The transient voltage response of the winding is a function 
of the ratio. 

shunt c ap ac it once 

scries capacitance 

In the days of'early development of transformers disc windings were 
extensively used, which were susceptible to impulse' failure .. In 
case of small low voltage transformers the shunt capacitance Is 
relatively high making the response poor*. On the other hand due to 
larger clearances 'of the high voltage winding, w .r .t the- core and the 

low voltage winding, the shunt capacitance decreases*. Due to the 
increase in radial depth of larger capacity high voltage transformer 
the series capacitance increases. This gives an inherently improved, 
transient response •> . .• ^ 



The disadvantage of s disc winding is "that impulse "voltage 
response is very poor and its calculation is also more difficult*. 

In- addition, the radial clearance between windings is quite large 
for high, voltage transformers* 

The voltage response shows that in the axi-°l direction the 

first few turns take almost the whole voltage, for which only inter- 
turn in sulation is available to withstand it* To reduce this elect- 
rical stress it was thought necessary to provide thicker insulation 
in this region. However, the consequently increased spacing reduces 
series capacitance and there— by the transient voltage further incre- 
ase* A better solution whs to reduce' shunt capacitance by the use 

* 

# 

of shield s * 

For this purpose radial shields alone are not very useful, g 
shown in Fig* 5(a). .Addition of partial axial shields is very effe- 
ctive in pushing further the equipotential lines shown dotted in 
Fig* 5(b), and the voltage performance is very much improved. If 

full axial shields are provided in addition to radial shields, as 

* ^ *■ 

shown in Fig*. 5(c), almost idqal voltage distribution can bo achieve 
* 

In the case of a layer type, of winding the arrangement of tl 
layers and equipotential lines 'are shown in Fig. 6(a) to (c).' The 

' ' * , , • h , 

voltage distributions are shown' in (d) and (e) across each layer anc 
across the winding respectively. Is can be seen from these the 

voltage distributions are better than for disc type- of windings. 
However, this voltage distribution is also far from ideal. The app: 
lication of shicldscan effect an improvement in it for layer type 
of windings also. In fig. 6 (a) an axial shield has boon connected 
at the line end. The corresponding .initial distribution of 
, electrostatic field is shown in (b) . The voltage distribution acrof 
each lfeyer* is shown "in (c). This is distinctly improved from the 
previous ,caso without a shield. The voltage distribution can be 
further improved by connecting a shield at the earth end also as 
shown in (e). The equipotential lines in this case arc shown dottec 
in (f) and the voltage distribution is shown in (g) and (h) *• 
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Conductora 

In the case of large current ratings of transformers it is 

necessary to take steps to reduce the stray load-losses. For this 

purpose it is necessary to use continuously transposed multiple strip 

conductors. Within the area of the core window occupied by the 

windings, tho majority of the leakage flux_is parallel, to the winding 

length* This results in stray eddy current losses in the conductor. 

2 4 

This loss is proportional to (a b ) where a is the total number of 

radial conduct or sin the winding and b is the radial depth of each 
conductor. Therefore reducing b has a substantial influence. In 
this case it is also- necessary to equalise the induced e.m.fs. in 
each strip so that the losses due to circulating currents can be mini- 
mised . This is achieved, by transposition. and each strand is insula tod 
with a thin coating of enamel. The- arrangement of conductors has 
been shown in Fig. 8*> ' 

Elector— mechanical Forces 

From the point of view of system operation it is desirable 

to reduce transformer reactance. The lower limit for 500 to 75X3 EVA 

ratings is 1,0 to 12%. In such transformers very high current would 

result in cose of short circuits.. The radial ‘-electromechanical 

2 

forces are proportional to I and these forces arc also getting cri- 
tical from the point of view of design. In order to solve this 
problem two approaches arc possible: 

1 • Develop materials which may be able to 1 withstand, 
those forces* 

2. Develop windings to reduce these forces. 

}, i i * 

In practice 'both the above methods have been pursued • 

Shell type of construction is superior from this point of view, which 
gives higher axial stresses and lower radial stresses*. 
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testing of Tran sf ormers 

In the early daysif the transformer under tost girve a kink 
in the oscillograms of applied voltage* the transformer insulation 
was considered to be faulty* Sometimes the cover blew oif* when 
it was considered to be definitely faulty* However, there may be 
a fault even if none of the above is observed* How it is recognised 
that o scillogramsof neutral current or voltages transferred to other 
windings are good indicators* The latter are very sensitive to faults 
withiii the transformer. How one looks for any change in response from 
the predicted response within the first few micro-seconds .. 

In these lecture a few important factors in the case of large 
high voltage transformers have been discussed. It will be in order 

* * 4 

to summarise the developments which have contributed greatly ta the 
manufacture of these 

1* Understanding how flux flows in complicated cores* 

2* Understanding how leakage flux flows around windings • 

3* How forces are developed as a result of these leakage fluxes 
4r« Developments in winding design. 

The achievement can be guagod from the fact that in mid 1950s 
•the MVA per active ton of ~a 120 IWA unit was 1 *5-* How it is r or 


more * 
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7‘ 

1 .0000 

0.5367 

0.3482 

0.2150 

0.1033 

0.0000 

E * 

0.2807 

0.0610 

0.0379 ‘ 

0.0299 

0.0265 

0.0255 

50 .00 

7 f 

1 .0000 

0.4570 

0.2920 

0.1792 

0.0859 

0.0000 

E ’ 

0.2205 

0.0221 

0.0130 

0.0100 

0.0088 

0.0005 

1 00 .00 

7* 

1 .0000 

0.4058 

0.2577 

0.1579 

0.0756 

0 .0000 


E ’ 

0.1903 

0.0100 

0 .0056 

0.0044 

0.0039 

0.0037 



Y = V z /Y 



E f =DB /2V 
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factor for •various configurations (positive ampuls 
' - - 120/4060 ps) 
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i « 

1.65 
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Rod structure 
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Condu ctor-structure 
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OB H7m uInks for transients 

INTRODUCT ION s 

The use of HVDC transmzss ion as an alternative for long dis- 
tance bulk power transmission from remote thermal and hydro plants 
as well as for interconnect ion of power systems is on increase • 

The plann ing ? des ign and operation of the HV1)C line requires a de- 
tailed study of the steady state and transient behaviour of the DO 
link and the interaction between the AO and DO system. 

DESCRIPTION OB DC LINK 

The schematic diagram of DC transmission link is shown in Big.l 
This shows a - typical bipolar link with one 12 pulse converter unit 
per pole. Normally the two poles carry equal current and the ground 
current is zero. The major components of a HYDC link are described 
below. 

1- Comforter: The basic converter block is a three phaso Gractz 
bridge shown in Big. 2. The valves carry current only in one direc- 
tion and they are' made of thyristor elements in seris A valve 

can be turned ON into a conducting state by applying a gatc_ pulse, 
whenever the voltage across the valve Is positive. The valve 
turns OBB at current zero. However a certain time (of the order 
of few hundred us must elapse beforo it can regain its forward 
blocking capability - The average DO voltage across the converter, 
can he varied by changing the instant of the application of gate 

pulse in relation to the sinusoidal voltage that appears across 

the valve before it starts conducting (called the commutating 

voltage) . 

2. Converter Control : The block diagram of a typical converter . ■ 

control system is shown in Fig. 3. This consists of current " control- 
ler, extinction angl©' controller, the firing angle" controller 
The reference of the current controller is derived from the slow 
acting power and auxiliary controllers. Normally, the rectifier 
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s tat ion has currant control and the inverter stab ion has oxuinc- 
t ion single or voltage control* A smooth transition oc tween the 
two is feasible* 

The ON~load tap changing control of the converter transformers 
allows' control of firing angle at the rectifier and DC voltage at 
the inverter* However, this is slow control and can be neglected 

in the transient period. 

The firing (gate) pulse generation is based on the equidistant 
control scheme where either the frequency or the phase of the 
pulses is a function of the control voltage. 

b * Convertor transformers ; These are s ingle, phase or throe phase 
units ccnnncted in star or delta and supply the convertor bridges. 

4* DC Line : Is analogous to a two phase AC line with mutual 
coupling (both electrostatic and electromagnet ic) . ‘ . , 

. 5* AC F liters : Tuned and high pass filters are used at the con-' 
verter AC bus, to filter out 11th, 13 th and higher 'order harmonic 

currents. 

» 

6 . Smoothing Reactor : Is used to smooth the DC current and protect 
the valves against overcurrents during DC line faults and commu- 
tation failure. 

7. Protection : Overcurrent and line fault protection schemes lead 

to blocking of the converters. Arresters are used to protect 
against overvoltages.' Present practice is to use go.pless zinc 
oxiae arresters across each valve j and across the pole. 

P ,?- 2 Tuned and high pass passive filters o.re used to 
filter DC harmonics. , . 

S-*~ 7 .^ftp . pl a y ' • The VAR requirement© for the converter station are 

met by a combination of AC harmonic filters, switched capacitors, 
synchronous condensers or static VAR systems. 
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TRIM'S TENTS IN DO SIB TDM 
Th"°e are caused by 
i „ DO lino faults 

2® AO 1 in«- faults that can lead to commutation failure and. 

shut down of DC link 
3* load rejection 

4. Energization of converter transformers, filters 
5* Blocking and deblocking ox converters 
6. Convertor faults such as misfire 

Some of the problems that can be censed by the- trans ien’cs are 
given below: 

h The line to ground fault in one of the- polos can lead to a 

largo transient overvoltage on the healthy polo. The design cri- 
teria for the air clearances of a bipolar lino arc often dictated 
by this overvoltage* 

2* The transformer energizat ion (with blocked converters) can lead 
to long duration dynamic overvoltages caused by saturation and 
inrush currents. These are particularly predominant when the DO 
system is connect' a to a lightly dampr-d AC system such as isolated 
gene rat ion. 

3. Self excitation can arise due to the interaction between AC 
filters and the isolated gon: rater when the converters are blocked. 

4* AO faults and blocking of converters (without by passing) can 
l' - ad to injection of fundamental ana second harmonic AO voltages -in 
the DO line which is lightly damped. 

Highest overvoltages can occur in the case- of prolonged mis- 
fire at the inverter valves. Large voltage and current oscillations 
on the DC line may cause current extinction at the invertor and 
severe overvoltage overshoot due to the rectifi-r-r continuing to 

feod energy to the system. 
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MODELLING OP DC SYSTEM 

TIig re are "two appro aches to a imulat ion — (l) using phys ical or 
hybrid, simulation using HVDC s imul'-’tor , (2) using digital Simula- 
tion.. In what follows the second approach is considered. 

Converter Model ; The nr dele depend on the dcgr:c* of dr tail re- 
quired to simulate a particular phenomenon. In the order of in- 
creasing complexity, these can bo listed as follows: 

1. Voltage source that is defined as a function of time. 

2. Controlled voltage source in series with a resistance. The 
magnitude of the voltage source is determined by the delay angle 
which in turn is determined by the control system. 

3* The valves are modelled as controlled switches. The switch is 

closed at the instant determined by the control system and opens 

at current zero. The grading -/damping EC circuit across the valve 

is represented for simulating high frequency behaviour of the 

converter. 

4* Controller : The knowledge of the transfer function of the 
various blocks in the converter control system can bo used to 
simulate the controller response to given inputs. 

5. Convertor Transformer : Apart from leakage inductance 'and 
resistance of tho transformer windings an accurate representation 
of the magnetization char act ?rist ic is essential. 

6. DC Line: The dc line is either mo dell ~d as a lumped para- 
meter line with a number of pi— sections or as a distributed para- 
meter element. The two modes of propagation — ground and pole- to 
pole, have to be considered with different velocities and 
attenuations. 
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1 v i 

Ml ' 

. , ■ <i ' ' ms -5 

l liters and Reactors : Those *re represented as lumped olfm^nts 
with nonlinear charset- ristic if any. 

In addition, the surge arresters can also bo modelled to 
determine their effect and energy absorption. required. 

? » i 

■ AG- System : In many cases, for the analysis of transients ip the DC 
system, a simple representation of the AC system -at each converter 
station may be satisfactory. She short circuit level at the con- 
verter bus and the damping in the system represented by tho impe- 
dance angle at various harmonics are the important system charac- 
teristics that need to he considered. 
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STATIC VAR STSJBMS 


The dynamic Yar compensation where there is fast control 
of reactive power in response to system conditions, has many 
uses. Some of these are listed below : 


1) to improve transient and st°ady~state stability of power 
sys ten's 

2) for better voltage and reactive power control in the system 

3) dynamic compensation of first changing industrial loads such 
as arc furnaces, rooling mills etc. 

4) to maintain voltage stability at HYDG converter terminals 

5) Damping of loss frequency (0*5-2Hz) and subsynchro no us fre- 
quency (10-40 Hz) oscillations in power systems 

6) for control of overvoltages due to load reject ion etc. 


Switchahle capacitors and reactors have too slow a 
response due to mechanical switching, to he considered for 
dynamic compensation. Synchronous ccndonsors have a coatinous 
control range and are reasonably fast, hut have limitation due 
to maintenance and stability problems. Use cf thyristor devices 
for power control initially for industrial drives and later in 
HYDC transmission has passed the way for ,fch? static var systems 
(SIS) with thyristor devices. They have a high speed response 
(1-2 cycles) and' an capable of reliable performance. 

The functions of a SYS can be divided into three categories, 
a) Yoltage Support ; Where the voltages at some specified points 
along a transmission line are regulated with SYS.* for example 
consider a power station supplying a large system -.thre-hgh a 
long transmission line, as shown ''in Pig.1 ^ 


(&■ 


\ 1 


f i ■ ^ y 

/ 

H 


/ 

T * 1 


£VS 


oD 

@V£ 


Fi g.U 




KRP-7 


By providing SVS at the midpoint of the transmission 
line to maintain the voltage* the following advantages 
accrue 

1) Increase in transient and steady— state stability limits of 
power transf'r 

2) Control of overvoltages caused by load rejection 

3) Reduction of line • losses 

b) Load Compensation : Here the function of SVS is to compensate 

for the variations in the load such that tho net current 
flowing over the line feeding the load is a specified (say unity) 
power factor and balanced. This is required when the AC system 
is too weak to maintain the terminal voltage with load variations. 
Also -it is not economical or desirable to supply thr reactive 
power demand over long lilies. 

HVDC invertor stations, feeding AC .systems with low 
SCR at the converter bus can benefit from the voltage st .ability 
provided by SVS. 

c) Damning of Oscillations 

By modulating the reactive power supplied by SVS in res- 
ponse to a control signal such as bus f re qucncy^ rotor velocity etc 
it is possible to ■ damp oscillations in the system. Use of a ■ L' 1 

properly controlled thyristor controlled reactor at the generator 

, . _ , , zut- 

termmals to damp ^synchronous frequency oscillations has b^on 
suggested and implemented. 

- i , . 

Static Var Systems : 

These' can have different operating principles and confi- 
gurations} listed below 

1) SVS with continuous, active control 

a) Direct current font roll -d reactor ( DQ.CR) 

. ■' / . ! 

b) Thyristor controlled reactor CT'.QR 5 ) 

c) Force commutated inverter (PCI) 1 
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2) SVS, with, discontinuous active control thyristor switched 
capacitor (ISC) 

3) SVS with combination of ISC and ICR 

4) SVS with inherent control 

Self saturated reactor with slope correcting Capacitor ( S AT? ) 

For power system applications, 'ICR with fixed capacitor 
or a combination of ISC with ICR is generally used. The basic 
c o nf igur at io as arc s ho wa in F ig . 2 . 

Usually a SVS transformer is used to match the device 
voltage ratings to the line voltage. In such a case, for ICR with 
FC a specially designed reactor transformer can be used to 
eliminate separate reactor. To avoid the injection of triplen 
harmonics in the system, the 'reactors -arer usually connected in 
delta. Other harmonics can be eliminated by suitable filters. 

The fixed capacitor also serves as a filter. Ihe filtering 
roqu ire meats can be reduced with 12 pulse operation. In this ' 
case a SVS transformer with two secondaries, one connected in 
star and the other in delta are used. 

Ihe advantage s of ISC/ICR configuration are ( i) low 
losses in the induction region ( ii) reduction in the size of -the 
reactor (iii) low harmonic currents. But the layout is more 
complex and the thyristor valve costs are increased. 

Steady State SVS' Characteristics : 

Ihe control characteristics (for steady state operation) 
are shown in Fig3. Ihe control range of SVS is CD. Ihe operating 
point is ’A’ given by the intersection of the- network and control 
characteristic. Ihe control s ignal is obtained from the terminal 
voltage. However a positive slope (3“10%) is given over the 
control range to help in stablizing the control system when 
SVS operates with large network impedances (with low short 
circuit level at the SVS bus) * 
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The operating point can shift over a wide range with 
changes in the system operating conn it in ns. In order to 
maintain a reserve for emergency conditions it is desirable to 
superimpose a constant reactive poWsr control with slow res- 
ponse. 


Steady State Analysis i 

The analysis is applicable' to a TOR. With the voltage and 
current waveforms for one phase, hi steady state, are shown in 
P ig . 4 . 

■ The current i(t) over a half cycle is defined by 


.(t) - ( 

- O 


cos a - cos wt) , a < wt < a +<?" 


( 1 ) 


} a+CT<wt<a-t-7t 

where a is the firing angle, g- is the conduct ion angle, 
is the reactance of the reactor. 


The fundamental component of the current I, is given 
given by 


I 


1 


( <T- siacr-) 

* h 


( 2 ) 


“^1 ®Xf ^ ^ ^ , 1 ( 3 ) 

where B(cr*) — ' ■ , is the effective susceptanco of 

the controlled reactor. .Also. 


<T" = 2 (n - a) (4) 

The Fourier .analysis gives the harmonic component X^, as 


t _ 1 I r sin(n-t-1 ) a , sin(n-1)a . 

A “ * .'2 (SS) + “rn-TT - ~ 

v ‘ n=5,5,T 


CO S'-UX.. 1 : . 


sin aa 
n 


3 
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373 Control 

The S7S control structure is shown in Fig. 5 . The network 
voltage and the compensator current are both measured and the tw^ 
values used as a basis for the voltage control with current drop* 

The correction of tnr network voltage f ^r obtaining this droop' ■ 
is realized here on the AC side. Thr network v-ltag^, after 
correcting for the droop is then rectified. On both 'AG and DC 
sides of tho rectifier, filters are included. The filters on th 
AC siae reduc3 the overvoltages arising in a consequence of low 
frequency (<150Hz) ros -nonces in the system. They must be 
matched to tho prevailing system conditions. The f iltcrscn the 
DC side serve to filter the ripple in the rectifier output or 
the harmonics introduced by asymmetry in the network voltage. 

The frequencies to be consiuer-d are pf.. T . 2f„ and f. vT , whore £„ 
is the nominal frequency and p is the pulse number of tho rectifier. 
■The output voltage of th° rectifier, after filtering, is propor- 
tional t^ the aver.age value of tho AC voltage, corrected for the 
droop. 

The regulator used is a proportional ' integral (PI) con- 
troller and ( if no- cossary) is equipped with a device which tho 
gain specially when the AC system is we ak . By limiting the 
output of the controller, it is possible to include other regu- 
lation and control d'vic s such as for example current limiters 
and .control equipment to allow the system to run up smoothly. 

A manual control' system permits the SYS to be controlled manually 
during commissioning and for maintenance , or when extraordinary 
network states arise. Both voltage controller and manual control 
dictate the compensator susceptance Bgyg* The control logic 
realizes this by means of a combination of capacitor steps 
and appropriate cont.rol of the TOR. A linearizing function is 
also provided to make the regulator • output proportional to the 
susceptance required. This ensures that the response of the 
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y o 1 "b ag o controller has the sw speed over the en.oi.rv control 
range . 

It is possible to supplement a voltage regulator by a 
var regulator*' This c^p.be coordinated with other switchablo 
shunt capacitors /re actors . 

During a transient subsequent to an unsymraotrical or 
aymrac-trical fault, it is necessary to block the control action, 
otherwise overvoltage problem can worsen^ This as bocaus' fcho 
natural control action of SYS is to switch on capacitors or 
reduce the inductive current whe-n it sees a reduction in voltage. 
However this action is detrimental to the control of overvoltages 
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IHTRODUOT ION 


HvDC simulators are widely used to study the dynamic 
performance of HVDC systems, although hybrid [^8j and digital 
simulation |_1-5j techniques have also been used. While a HVDC 
Simula oor is a versatile tool for simulating the dy nam ic perfor- 
mance under various conditions ranging from fundamental to 
high frequency, it is costly and less flexible compared to 
digital simulation. Thus the digital simulation can be us ed 
to supplement the HVDC simulator. 

The major problem in the digital simulation is the 
converter representation because of the c ommciieement and 
cessation of valve conduction. She converter topology varies 
with time. One way of handling this is to make the topology 
invariant by modelling the valve as a time varying impedance. 

But this leads to the system equations that require uneconomic 
eally small integration step size for their numerical solution. 
The varying topology of the convertor has been considered using 
two methods. In the first method j[_3, 5, 6^ , also called the 
method of subroutines, the sot of equations for all possible 

, v. . .. 

configurations of conducting valves are formulated so that a 
particular set of equation is chosen at any given "time. This 



method is suitable if only normal modes of converter operation 

are considered . In tho second method s2j7j & t r an s 1 or mat i on 

technique due to Kron [_1 oj is used where tho state equations 
corresponding to each state of the converter are generated 

using a transformation matrix. 

In this report a novel converter represent at ion based on 
graph theoretic analysis is introduced. The approach is 

conceptually simpler and leads to efficient formulation of 

the converter equations corresponding to all possible modes. 

There are in total 50 possible modos corresponding to 2,3 and 4 
valve conduction. However,- only 39 modes are of interest if tl,o 
DC link current is assumed continuous. Those can be handled 
using three simple cutset matrices which arc easily generated. 

The topological analysis leads not only to tho system state 
equations but also to the expression of dependent variables 
such as valve voltages. 

A multitcrminal MDC system consists of i) the AC system 
feeding the convertors, ii) convertors with thoir associated 
controls and iii) tho DC network consisting of transmission 
linos. J-ho approach employed here is to model oach component 
separately and in a modular fashion. Those models arc inter— 
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connected using appropriate interface variables. She dynamics 
of the converter controls arc represented in details Both 
individual phase control and equidistant 1 * pulse control have 
boon considered o 

The results of the various tost simulations under steady 
state and transient conditions for sample HVDC systems arc- 

present od to illustrate the capability of the computer program 
developed. 

CONVERTER REPRESENTATION 

A three phase bridge convertor system is 'shown in Eig. 1 . 
This includes the leakage impedances of converter transformer 
(R C ,L C ) and the dc smoothing reactor (%!%)• The effect of 
the ac system on the converter is represented by the source 
voltages (o-j ,02*03). The dc network is also represented as a 

voltage source (V ) at the converter terminals. It is to be 
noted that both the ac and the dc voltage sources are not 

constant and are actually determined as output (dependent) 
variables from tho ac network and dc network models respectively* 

The effects of the converter on tho ac and dc networks are 
represented by the injection of currents into the rospocuive 


networks 
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Pig .2 shows tho graph of converter system. Elements 1 
to 6 represent the valves. Elements 7 e.nd 9 correspond to the 
equivalent circuit representation j 1 0j of the ac system feeding 
the converter. She element 8 includes the series combination 
of R d ,l d and \ r Q . In deriving the- graph of Pig .2, the grading 

and damping circuits across the valves are ignored. 


Pig .2 is the simplest graph representation of the converter 
system. I here are 9 elements and 5 nodes. Correspondingly 
there are 4 tree branches and 5 links. Por reasons that would 
be soon clear, the tree is chosen such that it includes elements 
7,8,9 and one of the conducting valves (element S, where S can 

be valve 1 to 6) . Iho constituent equations of element 7,8 
and 9 are given by 


where 

R = 

and 


Ibi = z ,±bi + ° 


Z = 1 + CD Ii p 



or 
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2bi = r >7 V 8 
ist = ^7 ^8 -**9 


m 


m 


? v is element voltage 
I i is element current 


T denotes the transpose, '1 = 2Uf where f is the ac system 
frequency, p = d/du>t. 


for elements 1 to 6 following equations are applicable 

v- = 0 k€L K s set of conducting valves (2) 

1c 

=0 p £. Lg s set of nonconducting valves 
This assumes the valves to be ideal switches with zero forward 
impedance and infinite reverse impedance. The tree and ootree 
of tho graph for 3 = 1 arc shown in fig. 3- 

for any network, branch and link variables are related by 

( 3 } 

= B i, 5 b (4) 

'where subscripts B and 1 refer to branches and links respectively 
and matrix: is the component of the fundamental cutset matrix: . 

This matrix for fig .3, alongwitii the matrices corresponding to 
various trees used in tho analysis, is given in Appendix 1. 

Tho tree branches are partitioned into two sets, one set B-j 
(consisting of elements 7,8 and 9) and other B 2 (consisting of 

valve S). Similarly the links can be partitioned ir.to two 

to conducting valves) and Bg ^ 


~B “ ~ B B 


sets, L-j (corresponding 
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(corresponding tu noncontact ring vulvas). Thus matrix 
can be partitioned as 


L b i1 - 



*1_ 

_ _ 

B 1 

B 111 

B 112 

b 2 i 

I 

•%21 

B 122 


Prom (2), the following relations arc evident 

—Ll = °> v B2 = 0? —12 = C 

Substituting this in (1), (3)' and (4), the following 


equations are obtained 


^ B 111 2 B Hl) ill ~'- B 111 - 


—12 


-(B 


112 2 B 111^ ill + B ^o o 


3 T 

j H2 


ill ;1 ^ll ill 

Equation (5) can be arranged in tho form 


d -i 

air? ill 


_"] 1 m 

o)l-j R-j i-j.-| + uj> 1^ -j o 


where 


E 


t 


3 T 

.1 


J 1 = B 111 1 ^11 


B 111 R B I11 


(5) 

( 6 ) 

(7) 

( 8 ) 


Equation (8> describes the dynamics of tho converter. Erom 
the knowledge of tho voltage vector _e, (8) can bo numeric ally 
integrated to solve for tho state variables* The voltage 
across the nonconducting valves is given by (6). The dc and 
ac currents are given by (7) . 
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discussion 

Equations (6) to (8) aro formed at each time the state 

of converter change s « ino change in the status of valves in the 

link can ho considered to rearranging the columns of matr ix B-^. 
The matrix has to ho changed as the conducting valve S 

ceases to conduct® Although there arc 5 possible matrices for 

the 6 valves, it is adequate to use only three such matrices 

corresponding to a valve group (1,3,5 or 2,4,6). This is under 

the assumption that atlcast one valve is conducting in each valve 

group. The observation of matrices B^,B^ and B^ reveal that 

two rows aro invariant ® 

The procedure outlined above can be compared to the method 
described in i„1 »t 3 which aro similar in objective. The method 
given hero is simpler both conceptually and computationally. 

Also the valve characteristic can bo assumed to be different 

* ? 

than that of an ideal switch. The constituent equation In this 
case would be different than in (2). To give on illustration, 
the impedance of the valve during nonconducting period can be 
assumed to be finite (determined by the grading and damping 
circuit). Inclusion of this characteristic can be easily 
accomplished. In contrast, the references {j ,7l implicitly 
assume the valve impedance to bo infinite during nonconducting 


9 


period, The number of stoic equations per convertor -vary 
depending on the number of conducting valves (IT) and is 
given by (H-1 ) . 

COIWBBPdR 0 Ob IP 01 hEPTdSSBTr'iTIOF 
Each converter in n HVDC system is equipped with n 
controller that determines the instant of firing of each valve. 
The firing pulsos are , generated "from a control signal which is 

tho output .of the current or extinction angle controllers, 

normally current control is used at the rectifier ancl constant 
extinction angle (CEA) at the inverter. Basically there are 

two firing control schemes: 

i) Individual phase control (IPG) , whore the firing pulse for 
each valve is determined with respect to its own commu 4 *- 

• ration voltage, 

ii) -- Equidistant pulse control (EPC), whore the controller 

" generates pulsos at equal intervals in steady state f which 

is relatively independent of tho distortions in tho AO 
voltage. 

Firing Control Scheme with IPG 

Pho rectifier control signal obtained as the output 
of first order current controller is 

'y~ _ 

cr “ T+OJ^p 


^refr ~ -W 



lo 


GC 


The inverter control signal is obtained as 
B =i = ^ T KDt 00s ^c - 2X ol I ei - T ( 

where 

V cc “ T+l' ci p ^refi ~ x ai) 

The su ©scripts r and i o.cnute rectifier and inverter quantities 
respectively* K is oho controller gain, T is tire controller 

w 

tine constant, I re ^ is the reference current, 1^ is the line 
current , Vj-j^ is the ms value of line to line nc volt age , y G 

is the extinction angle of the inverter and X n is the cornu- 
tating reactance. The firing pulse generator for a particular 
valve o compares the control signal with a signal E f .. correspond- 
ing to the commutation voltage of the valve advanced by 90°. 

A pulse is initiated at the instant when the following condition 


is satisfied* 


and 


E~ . ^ E . for inverter terminal 
f 3 <•' ci 


-E^ for rectifier terminal 

X J OX 


The minimum delay angle ( X ^ n ) operation of rccrifier is 
ensured by restricting the control signal E cr from falling 
bplow , VIV T[Ti ooe* ^ * In case of inverter, signal Y QQ is 
clamped to zero while going negative to ensure the firing angle 

variation between TT/2 and Of- V c )* ■ 



11 


Firing Control Scheme with EPG 

Ali 6 quid ist cnt pulse tiring scheme with pulse frequency 
control has be gel suggested to overcome tiio problem of heirmonic 


instability which is inherent, with -Id 1. 0 j • 


This necessitates 


feedback control of not only the current but 


also the extinction 


angle. In the present context of simulation, only rectifier 
t o rigin al is considered to be equipped with, this typo of control. 
Fig .4 shows a simplified block diagram of the controller from-. . 
which the state equations can be written down. 


A constant slope ramp function is generated starting from 
zero at each firing instant* This ramp function is compared to 
the sun of the control signal (U c ) and the bins voltage propor- 
tional to 1/6, and a pulse is initiated at each instant of 
equality. When U c = 0, the firing pulses are generated at 

every 60° corresponding to steady state operation. The firing 
in the rectifier mode is prevented until the commutation voltage 

has reached a defined minimum positive value. This ensures the 
minimum delay angle operation of rectifier. The details of 

this firing, pulse generation scheme arc described an reference [llj. 
HEPRSSE1TT AT I OF OF DC AID AC MWOBK 

The DC network consists of transmission line which can be 
represented by aTT circuit. The DC current of each converter, 
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which is obtained interna of the state variables, is injected 

into the DC network at converter terminals. .State equations 
for tho dc network can be easily written down and arc tine 
invariant. The voltage Y Q in Fig.1 is directly obtained as 
a capacitor voltage which is chosen as a state variable in 
the dc network equations. 


Tho AG system can also be similarly modelled and the 
state equations are time invariant « The currents i^ and ig 

(refer Fig.1 ) are treated as current sources in the derivation 
of AG network equations. 

COMPUTER PROGRAM 

Based on the procedures outlined in the previous sections, 
a computer program has been developed to simulate a controlled 
multitcrminal WTDG system containing upto IQ monopolar terminals. 
The structure of the program is modular with each subsystem or 
control function described in individual subroutine. At a 

particular instant of tine tho states of all the converters are 
defined and the equations arc formulated using the convertor 
model described earlier. The converter state changes due to 


1) cessation of conduction in a valve or 2) firing of a valve. 
The converter state is chocked at tho beginning of each integ- 
ration time step. If necessary, the exact instant of cessation 
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of conduction in a valve is determined by linear interpolation 
using tlis valve current measurement « -ns presence oi firing 
ouises is determined from the controller . subroutine and the v^lve 


is nut into the conducting sdi-ios ei it is lor./ui'd b is. sea and trio 
voltage exceeds the defined minimum limit • 

Some of the salient features of. the program arc given 


below : 

1) Initial conditions: 

The simulation can proceed from a) zero initial conditior 
or b) initial conditions established from the steady state oper- 
ating point. In the former case the system is started by putting 

all the converters under starting control. Here the firing 
angles are initially set at 90° and are changed linearly until 

the current builds up. For the second case the required steady 
state operating conditions are obtained from AC/DC load flow 
calculations 0^1 . 

2) Convertor Control: 

At present there are three choices of the converter 
control as listed below; 

a) Constant o<( control 

b) Individual phase control 
e) Equidistant pulse control 


Because of the modular structure of the program other control 
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strategics can also be incorporated, if necessary. 

3 ) DO network equations arc formed directly from the knowledge 
of line data and line to bus incidence matrix. 

At present modified Baler's integration method is 
used for solving tho state equations although trapcscidal or 

other methods can be used. 

TEST SEfOMTIQIS 

Tho capability of the program developed is illustrated 
by simulating a 2 terminal and a 3 terminal HVDG system \ 8 _| • 

The schematic diagrams of these systems arc shown in Bigs. 5 
and 6 » The details of tho system parameters are given in 
Appendix 2. Various test simulations are carried out to inves- 
tigatc tho system response both in steady state and transient 
conditions following a disturbance. 

Fig. 7 shows tho steady state waveforms for a two 
terminal system with the operating condition B as given in 

Appendix 2. Individual phase control is assumed horc. This 
establishes the terminal 1 (rectifier) operating on constant 

current control and terminal 2 (inverter) operating on CEA control. 

The transient system response of a 2 terminal system 
with individual phase control is investigated with tho following 


disturbances: 
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A. Change in current reference sotting (with operating 
condition A) 

1) at both the terminals, from I = 0*65 p.u., I ro -£2 = 0*55 
p.u. to I ro -p-t =1.0 p.u and 9 0*5 P* u * 


2 ) 


at both the terminals, from I „ 1 

X Q j * 


0*40 p.u., T,„ v 


f2 : 


= 0 , 


p.u. to I rof1 =1.0 p.u and I rof2 = 0.9 p.u. 

3) at the rectifier terminal alone, from ^ rG -fi=0*65 p.u. to 

■^refl = 1 P*u., thus ineroasing the current margin. 

4) as in case 1 with source reactance at both the terminals 
increased by 2.5 times and the smoothing reactance doubled.. 


JB. 30 percent dip in AC system voltage in one phase lor 5 cycles 


(with operating condition B) . 


1 ) at the irwortcr terminal 

2) at the rectifier terminal 

fho system' performance fer the above cases arc shown in Fig.8 


.to - 13 respectively,, 

Eor a throe terminal system, the following disturbances 
are considered: 

C. Change in current reference Cutting 

at all the three terminals, from I rof1 =1.l5 p.u., X, of2 =0,57 
p.u. and I rof 3=0.46 p.u. to I rof1 =1 1.45 p.u., I rof2 =0.72 p.u. 
CJld X r 0 f3 = °* 61 P.u. 


D 
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D. 


1 ) 

2 ) 

3) 


30 pore out dip in AO system voltage In one 
for 5 cycles 

at convertor 1 

at converter 2 

at converter 3 


P lease persisting 


Figs. 14 to 17 refer to the above eases respectively. All the 
above figures (8-1?) show the variation of average D<3 current 

cand voltage over 50 cycles of simulation. The disturbance is 
initiated at the beginning of the 20th cycle. All the above 
eases assume individual phase control for the converters. 


Disoussion of Results 

The results demonstrate the operation of the convert or 
control under both steady state and transient conditions. As the 
objective of this study is no inly to illustrate the program 

capability, the optimization of controller parameters was not 
attempted. Fig. 7 shows the predominant 6th harmonic ripple in 

the lino current • This probably is due to the fact that the 
control signal from the line current was not filtered. 

The following observations are made from the results 


obtained. 
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Change in Current Reference 


The 


responses for both two terminal and tln-cc terminal 


eases show that the current controller at o 
into action as a step change in the current 


eh terminal comes 
reference is applied 


simultaneously, Phe current settles down to the new value in a 
reasonably short time. Increase in the magnitude of the step 

change in the current reforenee leads to increase in the 
magnitude of do voltage oscillations and increased settling 
time. Observation of case a. 3 (refer Pig.lo) shows that the 
current control is acting only at the rectifier end as expected, 
however, this leads to large oscillations in the current and 
voltage. Shis implies that the Introduction of time delay in 

transmitting the current order to the inverter terminal leads 
to deterioration of the performance. Perhaps this can be 

, improved with an optimized controller design. 


It was observed that when the source reactance was 
increased, the system malfunctioned . This problem was overcame 

by doubling the value of smoothing reactance. This shows that 

the converter design is critically dependent on the system 
parameters. 

Response following Disturbance in AO Voltage 

Witn the dip in rectifier side ac voltage, the current 
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control siij-j-t s go tlic inverter end the rectifier operates 
with minimum delay angle. The varirti m of firing angles 

in the first cycle f curving the disturbance is shown in Pig.13, 

I? or the tnrec terminal system it is observed that the 
dip in the voltage at the terminal with 031 control is the 

most severe disturbance. Similar observations cm bo made 

for the two terminal system* 


The equidistant .pulse control has also been tested 
for the two terminal system. Pig. 18 shows the response of tno 
system when subjected to a step change in the reference current 
magnitude similar to the case A«4« The rectifier terminal was 
equipped with equidistant pulse control and invertor terninal 
had individual phase control. The response shown in Pig. 18 is 
similar to that shown in Pig.11 except for the fact that the 
oscillations in current and voltage are reduced in this ease. 


In all the test simulations presented here, the ac 
system was assumed to bo represented by a voltage source. 

The detailed representation of the 1C system including harmonic 
filters is feasible by augmenting the computer program. The 

detailed investigation of the equidistant pulse control will 

be undertaken alongwith. the detailed model of the AC system. 
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OOITCLUSIOITS 


A navel converter representation based on the graph 


theoretic analysis! is described* Tin: computer program is 


dcvolcpcd for dynamic simulation of mult it er mi nr 1 h'/DO systems 

utilising the converter model. fhe program a. Iso includes the 
re pro sent at ion of converter centrals using individual phase 
control and equidistant pulse control, and can bo used in 
studying the performance of the controller under various system 
operating conditions. Results of various test simulations for v 2 

terminal and 3 terminal sample systems are presented. Apart 
from illustrating the capability of the program, I; he results 

indicate the need for the optimal design of controllers, which 
is critically dependent on the system parameters. 
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APBBEDIX 1 
CUTSET VJi TSICBS 


The six cutset hat rices • each corresponding to 

the valve considered in the tree ? ere given below » The 
superscript j denotes the valve nuJber S, 
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iiPPBHDIX 2 
SYSTEM PAiLiLIETEHS 

Two Terminal System 

Tho two terminal system? Pig. 5? is synthesized iron 
the three terminal system of reference f.8*] by neglecting the 
terminal 3 of Fig .6. System p erc.net or s used in this study 
arc chosen on the basis of reference [Qj . 

/ 

Commutating reactance: 

X c1 = X Q 2 = 0.055 p.u. 

Smoothing reactor: 

Resistance = R d2 = 0.003 p.u. 

di = L d2 = 


Inductance L 


0.3 p .u 
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Smoothing reactors 

Resistance R^-j = R^2 = ®d3 ” ®»006 p.u. 
Inductance L^-j = = ^'3 =0*6 P» u * 

Transmission line 


Resistance r^ 
Inductance 1-j 
Capacitance c-j 
length d-j 


= y;^ ~ r^ = 0*0508 fi/raile 
= l 2 = 1 3 = 0 .00324 ii/nile 
ss c 2 = c 2 = 0 . 009 3 .41/ mile 
= 500 miles, 

= 300 miles, d^ = 100 miles 


Controllers: 

Individual phase control 


•tC-j ss — R 3 = 19 P»U« 

I o1 =a ’c2= T c3= 0 - 2 sc0 ' ; ~ as 


Operating condition: 


Line-to-line 1C peak voltage . - ... 

l>^ =: 1 #"1 p.U., Jjg ~ 0.9 p.U#' ' 

- U.3°, -? o 2 =5 o3 = 15°,.^ = 5* 

1 ^ 1=1 »"! p.u., I^g—O.SS p.u* 

, "^d3 = 0*^ P*u* 

Convertor 1 (rectifier) and Converter 3 (invertor) operate on 
constant current control* Converter 2 (invertor) operates on 


CBA control 
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• 1 • Relays General I n formation 

Introduction: 

The importance .of relays for apparatus and system (including 
transmission line) protection are well knows. They work as sdLent 1 - 
sentinels guarding the system against abnormal operation. The pur- 
pose of relaying can he stated in the following maimer: 

1 * By providing fast clearing of fault, damage to the apparatus is 
reduced • 

2. Any subsequent hazards like fire, loss of life are reduced. 

3 . By removing the particular faulted section, the continuity .of 
supply is maintained through the remaining healthy section. 

4, By clearing the fault fast, fault arising .time is reduced and 
therefore the system can be brought back to the normal state 
sooner • 

5. Since the fault stays on the system for a very short period, by 

' high speed relaying, the transient "stability limit of the system 
is very much improved » Eig.1 shows the improvement in staoility ~ 
limit as a function of fault clearing time. 

To achieve all these objectives the relays must- satisfy the follo- 
wing requirements*. 

1 . Since the faults on a well designed power system are normally rare, 
the relays are called in for operation once in a way. This means 
that the relaying system is normally idle and must reliably 
operate when faults occur. Thus the relay must be reliable; 

2. Since the reliability partly depends on the maintenance, the 

relays must be easily maintainable # 

3. There are two ways by which the relays mal-op crates . One is the 
failure to operate in case of faults and the second one is relay 
operation where thore is no fault.' Relay must be immune from 

both* 

4. Relay must be sensitive enough to distinguish between normal 
and faulty operation of the system* 
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1 .1 Type of Relays t 

•A number of relays are used for power system pro ggc fcion • 

Some ^©f-'-^Kem are primary relays meaning that biiey are tuc firsc line 
of defence* These relays sense the fault and send a signal bo the 
proper breaker bo brip and clear blio faulbcd line • The faulb may 
nob be cleared if bhc breaker fails bo open or bhe relay ma-opcm bos . 
The breaker failures arc for bwo reasons* Failure of bhc; supply bo 
bhe brippiog coils or a sbuck mechnical lever* In bhis case, ;• second 
line of defence bo bhe power system is provided by bhc back up relays* 
These' relays have a longer op crab log bime even though they sense bhc 
faulb along wibh bhe primary relays. Relay oporabing bime is defi- 
ned as bhc time interval between bhe sensing of faulb and sending 
signal bo bhe proper breaker for opening . Bacm up rcl.ys arc erraa - 
god in bwo ways. They are located at bhc s.-une pi.. ce os the primary 
relays (local back up) and operate bhc same breakers. Or they are 
located at the another station and open a different breaker* In bhe 
latter case bhc reliability is more bub a longer section of bhc 
system is disconnected due bo bhe operation of bhe back, up relays. 
Rig* 2 shows bho location of the primary and back up relays. Here 
bhe remote back up is provided by multistcp primary relays and local 
back -up by a non~d ircct ional over current relay wibh delayed opera- 
tion* - 


Tho likelihood of failure 

follows s 

of protection equipment 

Relays 

43 percent 

Circuit breakers 

26 percent 

Supply of wiring 

18 percent 

Instrument transformers 

10 percent 

Misc • 

. 3 percent 


The relay failure is due to. i 

« 

1 * Contacts 

2* Open circuit in relay coils 
3* Wrong sobbing 
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Some times the local back up rolaysoperate the breakers 
behind the bus, This is called the breaker _back up. .Local back up 
protection has the draw back that they use the same d ,c , supply for . 
breaker tripping • 

following are the common type's of relays used for apparatus 
and line protection. 

1 » Over current relays 
2* Directional relays 
3. Under voltage relays 
. _ 4 • Prc quency relays 

5 • Listened relays 
6 • Thermal relays 

7. Phase -sequence relays 

8, Differential relays * 

A1X the existing relaying schemes use either one or more of 
.these relays with slight modifications.. 

Pig, 3 shows the basic connections of a relay. There are two 

ways* in which the circuit breaker trip coil is cnergiaed. One method 
uses the station battery to supply the current after the relay cont- 
acts close • This is shown in Pig • 3 , In the other method as soon as 
the relay operates the C.T, secondary current flows through the trip 
coil and energise it. This does not require a station battery and is 
used for protection of feeders* 

Pig .4 shows the zones of protection usually defined for a - 
power system. The relays in each zone are supposed to operate -fault 
withia, that zone. This is called the unit type of protection. In 
this scheme the relays do not provide back up for the other zone 
relays. So internal back up is necessary for each zone. This is 
usually provided by non-dircctional high set time delayed over curr- 
ent relays. The zones over lap to avoid any blind zones.. The over- 
all system protection is divided into 
"a) Generator protection 
b) Transformer protection 
o) Bus protection 
a) Transmission line protection ■ 
e) Poeder protection 
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1 #2 Relay Tea 


Pick up * Min. value of operating , quantity for which the 
- relay operates* 

Prop out - " Min.* - value of operating quantity for which the 


Sensitivity 


Selectivity 


Reliability 

Roach 


Over reach 


Under reach 
Set impedance 
fault impedance 
Ins t ant ane ous 
lime delay 


Inverse time 


relay resets after it- has opcr o tcd* 

Ability of the relay to dGseriminate between faul- 
ted and normal conditions. 

To select faults only within tho desirable zone of 
protection *■ 

Ability to perform its function when desired. 

The set max. distance of fault from the relay lo- 
cation which the relay can detect. 

Ratio of tho max. distance of fault from the relay 
location to the set distance for the relay. ' 

- do - 

Impedance of the line up to the reach of the relay, 
Impedance of the fault ( imp. .dances) , 

Ho time relay involved in the relay operation* 

Time interval between the sensing of fault to the 
,rclay contacts close* 

Time delay inversely proportional to the operating 


quantity* 

Primary relay, - Main relays 

Back up relay' - Supporting or supervisory relays 
Comparator — Another name for relay 


Phase comparator- Relay comparing the phase angles of input quantities 

Amplitude comparator - Relay .comparing the amplitudes of input 

quantities. - 1 

Instantaneous _ Relay comparing instantaneous values of input - ~ ;j "’ - 

Comparator signal - ' J! 

Blocking relay Relay operation produces blocking ' ' j - 

Blinders * - Make the relay immune for certain faults* ,:j ' r 

Dual input com Has two input signals ' ■ * 

parator < 


Multi input 
comparator 


- Has more than 'two input signals 
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- Relay contacts are by passed after the seal in 
relay operates, 

~ Indicator to show that the relay has operated# 
— V A Product of the relay coil 

“* core coil which convert a current signal 
to voltage * 

— Which produces the proper relay signals from 
. the power system. _ - 

r Normally closed contacts 
~ Normally opened -contacts 

•— Contacts other than the main contacts in circu— 

- it breakers . - - - - 

Threshold operation - Relay is about to operate. Net torque is close 

to zero (i.e. fault has occured at the balance 
point) 

2 *0 Circuit Breakers : 

The function of the relays as earlier discussed is to sense 
the fault and energise the trip coil of the circuit breaker. Now a 
days circuit breakers are available with opening time :of about 1 cy- 
cle* These are called one cycle breakers. Pour types -hf breakers, 
are normally used for equipment and transmission lines protections* 

1 * Air circuit breakers 
2* Oil circuit breakers" • 

3* Minimum oil circuit breakers 
4* Air blast circuit breakers 
5 • Vacuum switches . 

The first is used for apparatus protection at low voltages. The 
second is used for feeder protection. Three and four arc- used -for 
high voltage lines* In the place of air* the SPg is. also used* Air 
blast breakers for EH? lineshas become standard practice* They have 
a clearing time of less than a cycle . These breakers produce what 
is called as current chopping which results in over voltage on the 
system* Switching resistances are normally used with these breakers* 
Vacuum switches for high speed fault interruption are being introdu— 


Seal in relay 

Flag indicator 

Burden 

Transactor 

Transducer 

N.C. contaots 
N .0 . contacts . 
Auxiliary contacts, 


ced now*. 


For important lines the breakers arc provided with a redo- 
sing feature* Iho. breaker after opening closes again after a pres- 
cribed dead time. She" reason for this practice is thsu the major 
percentage of faults on lines are transient in nature. They are 
called arcing faults and occur due to the conductor swining. There- ( 
fore. the fault is automatically cleared. Even if the fault is not 
self-clearing, the arc gets exiinghished when the line is opened. 

Eig. 5shows the control circuit for the remote operations of the 
breakers * 

3*0 Types of relays : 

Following types of relays are used for various types of 
protection schcms. 

1 • Electromechanical type: 

Here the torque on the moving member is produced by electro-. f , 
magnetic action. Examples of these relays are 

a) Armature attracted type. . This is shown in Fig. 6(a). 
Normally used as an instantaneous relay for over current or under 
voltage detection. Since the torque is non-uniform there is contact . 
chattering and it has a high pick up to drop out ratio.. 

b) Induction cup or disc type relays: This is shown in 

Fig. 6(b). The difference between the cup and disc in the fabrication 
of the stator and the rotor. The torque is more uniform here and the 
ratio .an&ntheor^tiojiaf pick up. to drop out is more Closer to unity. 

This rel^y is widely used for a large type of relays* Most of the 
distance relays are of this type* fe shall discuss these later in 
detail* 

2 • Thermal relays : ' 

These, relays use bimetallic strips -and the relay operation 
is based on unequal expansion of -the two strips* These are used for 
apparatus protection* They are not as sensitive as the induction 

cup type relays. Also their drop out value is very low because of 
large thermal time constant* 
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3* Transductor relays: 

These relays use the nonlinear B — H characteristic of the 
magnetic core. Transduct or implies variable inductance. When the 
core is not saturated* the coil offers a very high impedance and when 
the core is saturated the coil will be almost a short circuit. 

These relays are discussed in the following chapters,. 

4-* Bcctifer bridge relays: 

These relays also use the electromagnetic actio." 1 for the pro- 
duction of_ torque. The .signals to these coils are obtained after 
full wave rectification. These relays ..can be.used both as amplitude 
or phase comparator. Pig. 6{c) shows the rectifier bridge comparator 

using signal amplitudes for comparison. It can be observed that if 
i Q > ip the coil will have a net operating torque and the relay oper- 
ates. Pig* 6(d) shows the operation of the relay as a phase compara- 
tor. If the phase arigle between the signals i-j and io is less than 
t*/ 2 the relay operates. In this case one of the signals i-j acts as. 
the polarising current and permits only one pair of diodes to conduct. 
By suitable choice of the input signals, different types of relay 

threshold characteristics can be obtained. These are used as multi- 

* 

pie input distance relays* Details are discussed elsewhere. 

5 . Electronic relays - J 

The relays discussed above have moving parts. Due to these 
reasons, the electromechanical relays have some inherent drawbacks* 
These are listed below: 

a) High burden on CT g and PTg*. 

b) High operating time due to inertia of moving parts. 

c) Contacts pitting. This results in bad contacts and 
relay mal-operation . 

d) Gontact racing. .This is the result of the inertia of 
the moving parts'. Due to this, relay co-ordination 

become difficult* 

e) Kequire frequent maintenance* 

f) Affected by vibrations and shocks. 
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Moving contact -relays operate due to external Yibrations 
like seismic shocks# 

Due to these drawbacks, power system engineers have tried to 
induce electronic components for fault detections in the place of 
moving elements. These are called static relays. The advantages of . 
the electronic relays are: ' 

a) low burden on OTg and PTg# 

b) Ho moving contacts. Therefore all problems due to inertia 
like high operating time, contact racing are avoided. • 

c) Require less maintenance 

d) Hot affected by vibrations and shocks etc . 

"A detailed treatment of the electronic relays is given in 
the following chapters » _ 

After the advocate of the solid state .devices'^ electronic 
relays have given way to solid state relays. Solid st^te-relays have 
all the advantages of electronic -.relays and in addition, they are 
oompaet, more reliable and do not require high voltage power,, supplies 
How a days, many relay manfacutcrs are making solid 'state relays #- 
They are also enable to adoption of different types :of protection 
schemes# By proper selection of relaying quantities, it is possible 
to obtain maby desirable relay characteristics. These will be 
discussed later in detail.# 
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To aehie v e efficiency and economy in frahsmlsston, the rranstnmfon ,'al<n$ e is being sie-ppt-i i*p *■<• 
kV t.-ammi’isim lines «v alrerdy in operation, in mne states, site-; as UP. Miol'nrashiru and MP, 

.; s/- the protection of such EtiVW'LV tines, reliable, just opt rating and co'upaot a laying scheme ■: 
needed. This paper deals with a new relay tng ish ■-.me us l ng dig-Pd drew”' CMOS logic for ihc yic-\ -- 
(ion of SHViUHV lines. Tnis relay has bun designed, dtiricati.i and sucrcscfdly t,stsd in the labi'-a-.f c<\ 
This rt faying scheme is expected to he befu’r a? compared to ike exicimg ones. 


smAtims 

f «s clock frequency 

-■» normal operating frequency :o g.ye ± 90° 
irsieria 

fi =» desired frequency to give variable operating 
criteria 

it, ■=*> system fault current referred to CT secondary 

k •-=• voltage coefficient 

R. -« replica arc resistance (maximum value ex- 

pected 

S n , S$ — s ausoidatly varying signals 

j system fault voltage ••eferred to PT secondary 

2 i *■ impedance sects by reiey (referral to 4 oe«H> 
dary) ' , 

T« -- replica? impedance 

* 

•t =* phase angle between these signals 

f - angular criteria 

fi { , 0 U angular limits of phase comparison 
h - coincidence angle 

mmmvcnm 

Static distance relays are commonly used for the 
protection of UHV/UHV transmission, lines. 3 . Dva? to 

ATi^r&rLP^Fa-S ©To K Duhsy are w?th ItT . K*«p«r. 
Tltfe gei$s$ w*s stselwt <® Jtestwry 2®, tW I * trod jirfisestfcd 


their high speed of operation, accuracy and rshubiksy 
pr&etieally no maintenance is seeded once it is put Irau 
service. The relays*" 4 , generally, use analog devices whh h 
give delayed operation at tnrcsfcold condition. The 
operating time t c . % function of phase displacement and 
becomes infinity at the boundary condition. This crenles 
a serious relay coordination, problem 8 . This draw bad 
was overcome by ftauvamoorty and Lai 8 by developing a 
comparator in which the response time was kept con- 
stant. The authors used digital techniques and TTL logic 
circuits. This relay was capable of generating many im- 
portant characteristics such as ohms, directional, mho, 
restricted ohm and elliptical characteristics using vambi.’ 
angular criteria for operation. They also obtained 
quadrilateral characteristic, ba'ed upon multi-input 
coincidence principle but m a different way. The digit?, i 
.Ua. appeared to be good at first, but detailed stud.’ 
showed the following general drawbacks : 

(i) TTL gates used are sensitive to spurious signals 

A k Sow noise umminity, thus the relay 

. could be prone to transients and line disturb- 
ances. 

(ii) The basic comparator circuit appear-, to be r,.ou* 

complicated, using more components, te.tce 
Set-s reliable, and also uneconomical and -k> .v 
in opera? ioa, 

(iii) The same relay (comparator) ntsy sot be used to 

obtain quadrilateral characteristic, 

(tv) The same oomparatoi caanoi function both x 
cosine comparator and sine comparator. 

These drawbacks of existing digital relay CSfl be 
Eliminated by using CMOS logic and simple relay 
circuit. This paper presents the development of an t ( m- 
■sirovtd digital relay aitd techniques for obtaining differ- 
ent threshold characteristics. Efforts have been made 
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norm? and reliability with fast opsrctiru • oie. Flexibility 
* N provider! so that the same relay soda bg used as sine 
comparator and can cater to additional requiiements 
like power suing blocking, etc. 


IMPROVED DIGITAL COMPARATOR 

The comparator described is an inegrumg fck.-.t 
average type with minimum operating time of 15 m see 
under steady state condition and maximum opetatmg 
time of 25 m sec under dynamic condition. It is free 
from the dc transient component appeal ing in Uc fault 
current and hence this is bound to give better 1 per- 
formance under transient condition a bo. Fewer swing 
blocking can be applied through AND gate ft. The 
neval ieature of the comparator is that it can be used 
as cine and cosine comparator and ai.-c as a multi input 
comparator giving any desired characteristic. Apart 
from being used as single phase relay with slight modi- 
fications, it can be used as a polyphase relay ; thus giving 
additional advantage of economy and case in relay 
coot dination. 


Operating P&xNcrptE 

The two-input or multi-input phase comparator deve- 
loped is symmetrical. In gene; id two-input phase com- 
parator initiates relay tripping vvhen the pirate angle a 
-•atisfles the condition 


“ft ^ ‘i '$£ ft, (1) 

The phase angle «■; is positive wlvu ..sgi, ,i ft tends ft. 
aad is negative when ft lags ft. In majority of applica- 
tions, the angular limit of phase compaiNon ft and ft 
are 90* and such comparator are called as 90° phase 
comparators or cosine comparator. This gives a direc- 
tional characteristic, the tup ivea being on light -ede 
for the variable signal S j as shown by Fig fti). The 
coincidence of signals ft and ft (ISO -«), il note than 
90% initiates relay .sipping. Tne tapping k-vel i> «1< >st 
set to zero, and hence the mspoiiH, t,;iw u-, we - 1 
bss, the same tip to ± 90 J eftphase displacement. 

The same tripping charncii-Xti:'-. tan he obtained by 
taking signal ~S, and S 3 and measuring the nnh- 
coincidence «' between them. Tripping occurs when, 

ft 2* 2 s ft 
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tiiOMli r . / 5w — Jv~ 

h *A 
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Description or CoMf/rur or 


The schematic diagram <.f digital phase a'nnvii 
is shown in Fig 2. Fhp flop F-l *s i;v;d nr synch-tui/. - 
whetcas F-2 is in toggle mode. H.uce, the first puis, t, 
F-2 operates the mondimiiti M-l and secomi /> i,s-e 
operates M2 in rucfi a way tint, there exist ■ a piiase 
diifeionce <*f I tit 9 (lb msec duratum) betv.v-un tlm" ;• 
puts of M-l and M-2, Monomulti M-l ,md e 

used as puhe stjerhvi whose outputs uro AND com- 
potutded by gate A-2. Tin; , live opeiation. of «.ofnpira- 
toi, due to dcohVet ruriw, v prevent cddunxrgt hi enholti 
condition. The AND gale A-3 is used to block die 
onej at ion of relay daring power swipg. Normally, the 
sonfiol input of A-A is set at logic { i ) but becomes (0) 
due to the eifeot ol power suing. Hence, the AND gate 
A"3 daw not pass signal and :-o no output from final 
AND gate A 2. 


Tile sinusoidal inputs gj and 5 S , aflat beisi?* converted 
to square pulse, are given to Exclusive-OR gate (Ex/ORs, 
Thus, ihe Q output of f-I i> ii«* measure of aulicoinci- 
dence (Ex (JR) whereas Q is ? lie measure ol coincidence 
(AND 4 NOR). Tnc ttUeg, rtt ing car.a.itor is replaced by 
AND gate A-l and btnaty counter BC-1 anti BC-2. 
fwo ‘•oanteis a*e used to increase the sensitivity of the 
compamtor (zero level detection) The dock pulses are so 
chosen i hat ts4 pulses are passed in 5 m * cc duration, at 
thru .nolu, u g.vc ± 9<F epeutting aibuia. This gives 
the normal operating clock ftequeney/i, as !2.S kHz. 
Fhe variable angular criteria can. be obtained by change 
of clock frequency. Hence, 


If ft 90* then ft' - 270°; thus 270 n > *' » 90°. 

Hence, the same comparator funcUcns as sine com- 
parator in which tripping occurs when — ft leads S s fey 
more than 90* over a range of 0 to 180". The waveforms 
are shown by Figs 1 (b) and (c). 
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% ““ k ■*' m -ft 


ft 



90 


,'V. 


The above relation can be used to find out new ebe/ 
frequency so as to five different operating criteria ft. 
Hence, the relay can generate intruded dju-.-fkmai. 
restricted ohm, and elliptical tharansvistics by using 
two-input comparator only. The same comparator 
can be used as sine comoaralor by invert hut. .n.y oue 
input (preferably ft) and "taking Q ouSjnu of Hip flop 
F-l. The operation of the relay as cosiiie comriarator 
ts shown is Fig 3. 
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Fig 2 Schematic diagram of comparator 
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Fig i Operation of comparator 


APPLICATIONS OP COMPARATOR 

The compara'o: can generate many important charac- 
teristics by giving suitable signals through measuring 
circuit. Transactors are used to simulate the line im- 
pedance. The following arrangement (Fig 4) is used 
to obtain different signals required to produce the 
desired characteristics. 

RssmtorBD Directional Relay 

The inputs to the relay to obtsiin directional eharae- 
tet is tic are 

St. - V and s t * IZu 

This uives a straight line AOB. passing through 
origin 6, as relay characteristic (Fig 5) with normal 
clock frequency fo and operating criteria of ±90°. 


‘ Restricted directional characteristic can be obtained 
by same signals, by change of dock frequency from 
f„ to f % and / t in such a way that: 



p t »90(2- & -90(2- (5) 

Hence, any operating criteria and threshold character 
istics can be obtained by change of clock frequency. The 

f Q 

limit of change of dock frequency is from/*, to sr, which 

is easily obtained by frequency dividers or variable 
potentiometer. The restricted directional characteristics 
are shown in Fig 5. 
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Fig 4 Measuring circuit 
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Fig 5 Restricted directional relay 


If the inputs to relay are — St and S 2 the ielay func- 
tions as sine comparator with same opera 1 mg principle. 


Restricted Ohms Relay 

The inputs to the relay, to obtain vriie'y of charac- 
teristics, such as ohms reactance ami restricted ohms or 
angle impedance, are 

S t ** 12# — V and Sg ==» I2g 

Characteristic APB is obtained if angular operating 
criteria fa is ±90°. If the operating criteria is fa and fa, 
the characteristics A' PB“ and A' PB * results. 1 if the 
signal !Zr has a phase angle of 90 J with the horizontal 
axis, the resulting characteristics will be a reactance. Any 
type of characteristic can be produced by varying clock 
frequency in such a way that 

ft =S0{2-J?-), 

fa 

For sine comparator, the inputs to relay are 

S, and S* =* 12* 

and the above theory holds good for this case also. The 
characteristics are shown by Fig 6. 



Fig 6 Restricted ohm relay 


Offset EmpTtCAt Mho Relay 

It is the starting dement for a 3-step distance relay 
and avoids maloperation due to power swing. The inputs 
to relay are 

5, ~lZit~-V 

S t =-- kiz*+ V,k<l 

This can give variety of characteristics by varying the 
operating criteria. If the pperating ciitei ia is fa (±90°), 
the resulting characteristic is offset mho as shown by 
curve (1) of Fig 7. 



Fig 7 Offset elliptical relay 

The offset elliptical characteristic can be obtained by 
varying clock frequency from/, to f t and jj to produce 
curve no (2) and (3) of Fig 7, with operating criteria as 
fa and fa. The relation 

S,=90(2 - £), 

j| |CS 90^2-^ 

ft < ft < ft < 90° 
also valid for this case. 
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;md above ttre©?^ holds, gaod jfox.this.case also, 

Quadrilateral Relay using Two Comparators 

Fig 8 (a) shows the basic scheme for obtaining quadri- 
lateral characteristic Two comparators A and B are 
AND compounded n, obtain the den red character!** . 
AOBP as shown by Fig 8 fb). Tne inputs to comparator 
A a*-e. 

Si ~ 1Zh~V and $ t ~ 1 Zr 



Fig 8 (a) Multi-comparator relay 



Fig 8 (&) Normal Characteristics Fig 8 (e) Starting characteristics 


which gives re«*rict. I ohms chat act eristic APB wi 
Pi as operating critwia. Tiie input to dutv 

Sg “ / Zg and 138 F 

which gives restricted dire.ikw,.! ehi'-aucrM/- AOB 

with operating criteria of The outputs of these com- 
paratois are., then, AND compounded to give final 
characteristic AOBP. By choosing appropriate value of 
Zr and ar.d p t , better thershold characteristic with 
any shape can be obtained. 

The inputs required for sine comparator are 


which gives restricted owns cnar&cierisuc a.ris wan g, 
as operating -criteria. -Thejrange. oliias characteristic can 
■be changed by varying the value of Zg so that it lies in 
3rd zone of the relay. The input to comparator B arc 

S t ~ I Zgs and Si = k i Zgg 4* F, that is, / Zg -r 1 

which gives restricted diiectional characteristic ANB 
with P t as operating ciiteiia. The output of these com 
parators aie then, AND compounded to find charac- 
teristic AN BP as showii by Fig 8 (c). Any desired chai at. 
t eristic can be obtained by changing Zg and & and |3 g . 

The sine comparator to produce the same characteris- 
tic with same theory of operation will h&ve the inputs 
as 

, Sj » V — / Zgi’t Sr — I Zj/tji Sg — / Zgg 
St * — (k I Zg$ + V)~ — (I Zjg’ 4- V) 

where Zr — k Zr s and fc < i . J Zm is common to both 
the comparators, hence, only three inputs are needed 
to produce quadrilateral character is tic as with cosim 
comparator. 

Quadrilateral Characteristics with Multi Input 
Comparator 

A two input comparator, using Ex/OR gate, can be 
modified to take any number of inputs, by using multi 
input Ex/OR gate [Fig 9(a— d)]. Four-input comparatoi 
is optimum which can give any type of quadrilateral 
characteristics. As multi- input Ex/OR gale is not avail- 
able, it is subsumed with AND i NOR logic and rest 
of the circuit remains unaltered. The inputs which aife 
not used are, tied with available signals and the func- 
tion of the comparator semains the same. The basic 
arrangement for multi input comparator is shown 
in Fig 10 (a). 

The input signals needed for quadrilateral characteristic 
are (used only as a direcitonal element) 

Si -- ' Z&i — F; Sj = i R j~ * ; S s =• I’; 

St~i 



Fig 9 \a) Multi-inpat relay 


Si - v - 1 zr, Sg « izr Sg « iz R ; s t - - r. 

which will give same characteristics asdiscussed above. 
It can be seen that /Zr is common to both the com- 
paiators and thus, only three inputs are needed to pro- 
duce quadrilateral characteristic. 

Offset Quadrilateral Relay using Two Com- 
parators 

Offeet quadrilateral characteristic is required for start- 
ing element of 3-zone distance relay which can be easily 
obtained by modifying one of the input of comparator B, 
hence, the input to comparator A are 



Fig 9 (6) Normal characteristic 
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ft 9 {c} Mo^&lckarattertsiics Fig 9 (a) H&sist ekaraettrlsUes 



Bg /0(e) Modified mho relay 




Fig' 10 Characteristiet of earn- Fig IQ (<?> Final ck&acttrhtks 

• panstor A 

Z*j beifig replica of line impedance used only as a direc- 
dona! element. If a ^95—^ and operating criteria 
fi« is the resulting characterstic is as shown in 

Fig 10 (b) 

This characteristic can be made more compatible if 
the input signals to relay are 

St » /Za, - Vi St **' 'm |0; St « V; S t - IZ Rt 

Here, angle a is set equal to zero by spot only and the 
operating criteria ft, ~ # 4 . This change yields the 
chatscteristic as shown by Fig 10 (c). 

The resultant characteristic can be further modified 
if its inputs to comparator are 

Si » £Ski - V\ S t - m ;S t i * » F; «* ZZ* 

The operating criteria jEt, < 4*i so that a «* $ 4 — & 
and the resulting characteristic is as shown by Fig 10 (d). 
TMs characteristic may be useful few bus bar protection, 
wfcefe arc resistance is generally absent. By proper 


threshold cbaraclerinie c?n be obtained. 


MomK® Mho Rbcay 

The classical mho characteristic can be modified and 
the effect of power swing can be completely elltminated 
by using blinders and adopting suitable operating crite- 
^ Thy ; ; s the input* to the relay are 

St » IZb - Vi 5 S **IR\ V t and jj, < 9Q * 

The replica impedance Z«j can be changed to Z« 
after the zcnc -2 time delay, and the operating cirtena 
/ 8 t are kept equal to ^4 for shapping the characteristics 
as shown by Fig 10 (b). Tne resulting characteristics 
resembles quadrilateral characteristics. 

A separate comparator could be used for 3rd iont 
protection in a normal way, but having operating 
criteria as & which should be less than fit. If the inputs 
id this comparator are 

St » IZu - Yi S 6 •» MZn + K; and & < p, < 9d" 

then the resulting characteristic . is as shown by Fig 
10 (c). The shape of the characteristic 3 is elliptical which 
is very narrow and hence immune to tripping due 
to power swing. This could be an ideal starting charac- 
teristic for carrier frequency 10 dear end zone fault 
quiddy by simultaneous tripping. 

The block diagram of modified mho relay is 
shown in Fig 10 (a). 

RELAY TESTING AN» FElfOlMANCE 

The digital relay was tested statically due to non- 
availability of Dynamic Test Bench. The different 
characteristics were plotted as shewn and found to be 
very close to the theoretical characteristics. Hence, 
smooth curves are drawn passing through the test 
points. 

The directional property of quadrilateral and modified 
mho relay was found by inverting signal IZg, which made 
the relay inoperative in reverse direction. The relay 
remains operative down to very low input voltage; bid 
does not operate when the voltage becomes zero for 
two inpat comparator. However, for multi input com- 
parator, the relay remains operative even if tne voltage 
becomes zero. 


CONCLUSION 

The paper describes the theory, principle of opera- 
tion and applications of the improved digital phase 
comparator which could be used for variety of applica- 
tions, specifically, in two-input mode, giving identical 
characteristics as obtained by cosine comparator. The 
resulting relay is fast in operation and at the same time 
no time coordination problem arises as the maximum 
operating time is of the order of 25 m sec at threshold 
condition. The relay construction is simple, using IC v s 
and logic gates, which makes relay economical sad 
reliable. The samerbiay can produce any desired charac- 
teristic, simply by change of input Signals and operating 
criteria. This relay could be used as polyphase relay 
with slight modifications, giving economy and also 
ease in relay coordination. 
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SUMMARY 

Almost all the algorithms proposed so far 
for the digital protection of transmission lines 
are of (he distance type and involve the ex- 
traction of the fundamental components 
from the complex post-fault waveforms 
through the use of filters , whereas those 
based on the tmvelling-ivaue theory need 
only a short data window and no filtering. 
This paper presents two new algorithms of 
the latter type along with the results of 
digital simulation tests which confirm their 
viability. 


' 1, INTRODUCTION 

Because of recent advances in the field of 
minicomputers and microprocessors, digital 
protection of transmission lines is going to 
become a reality in the near future. Digital 
protection . f transmission lines provk s 
improved performance in terms of speeu ol' 
operation as weli as flexibility of obtaining, 
with ease, any desired composite threshold 
characteristics. With suitabi& sotlvvarc iogu, 
the protective schemes can be made self- 
checking and, with modifications only to the 
software, any desired alteration of the thres- 
hold characteristics can be accomplished. A 
considerable amount of work in the field of 
digital protection of transmission lines has 
been reported since the late 1960s. This has 
been confined mainly to different types of 
algorithms for computing the impedance 
between the relaying and fault points as 
accurately as is tenable with high-speed 
requirements. The algorithms proposed up 
till now can be broadly classified into two 
groups: {1} distance relay algorithms and (2) 
travelling-wave relay algorithms. 

0,V?8-779S/34/$3.00 


The post-fault waveforms in the fust oru- 
or two cycles after the occurrence of a fault 
comprise a power frequency fundament*!, 
an exponentially decaying DC component 
and high-frequency transients. They also 
contain subtransient and transient power 
frequency components if the line fault is 
near a generating source. The first category 
of algorithms involve computation of the 
impedance between the relaying and fault 
points from the fundamental components of 
the voltage and current obtained by suppres- 
sing other components through filters and 
line modelling, whilst the second category 
utilizes the complex waveforms as they are 
for making relaying decisions. In this paper, 
a brief and critical overview of the distance 
relay algorithms is given first in order to bring 
into focus their inherent limitations. Next, 
two new travelling-wave relay algorithms, 
whose viability has been tested on a digital 
computer with the fault data generated by 
the digital simulation of a sample power 
system, are presented. 


2. UtiGU-iEW OF THE DISTANCE RELAY AL- 
GORITHMS 

These algorithms aim at extracting the 
fundamental power frequency components of 
voltages and currents from the complex post- 
fault waveforms and then determining the 
impedance between the relaying and fault 
points. Basically, there are four digital 
methods of determining the impedance from 
the fundamental components. In the first 
method, the magnitude of the impedance is 
calculated as the ratio of the peak voltage to 
the peak current and its argument as the 
difference between the phase angles of the 
voltage and current. The peak values of the 
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voltage and current and the phase angle he- 
Iwoenjthem can be determined either from 
samples oT ~ the . fundamental components 
extracted from the ensemble of samples 
collected over one full power frequency 
period f 1 }, cr they can be predicted from a 
much smaller number of *:? of the fun 

damental components by means of the 
values of the samples and their derivatives 
j2f, or of their first aril second Ho^vntives 
|3J, or of the samples and the sampling inter- 
val {41, In the second method, the fundamen* 
r/d *;ompo rents of voltage and current are 
determined m the phasor form, non which 
the real and imaginary parts R and X of the 
pseudo-impedance seen by the relay can 
e&my pc evaluated f R - ?3|. In the third 
method, the line i$ modelled by ridfrA n/bi 
equations, the numerical solution of which 
viV! U \}\o values of R md X |14 - 19J. The 
vuivanta^-^ oi th»» tucriuid & that * u neces- 
sary to filter out only those components nut 
covered by the line modelling. For example, 
if dn hot* W lulled by v PL circuit, 
then there ss no fsceu to Uiu t out Voe VC 
offset component. Also, this method allows 
nr* dee? with cases like series-compensated 
m.. ,-.i. \U\\ fr. iu huh un*M- ’ the 

impedance is uctenmneu du~*cuy so piu&. ■* 
form from the ratio of the frequency-domain 
\ Ops >/ 'he fundaments! component of 
the voLagt and by u* uvuiv 

form method f 20]. All the methods whkh 
require samples over one full fundamental 
period for the computation of the pseudo 
impedance t fer no economic advantage * i 
comparison with solid slate idays. 'the un- 
wanted components of the post-fault wave- 
forms are suppressed by various types of 
filters in order Ic* cLujui tV / 
components. Both analog and digd&I filters 
which have been proposed and/or used for 
this purpose? are described in the* following 
sections. 

2.1. Analog [liters 

The mimic impedance used m the current 
transformer secondary plays the role of an 
analog filter inasmuch as it filters out the DC 
offset in the current signal. Complete suppres- 
sion oi the DC offset is, however, impossible 
since exact matching of the X/S ratios of 
the primary and secondary circuits is difficult 
owing to the fact that the X/R ratio of the 


primary circuit up to the point of fault is u 
variable. Some algorithms [2,3,8] a&sunmo 
employment of this filter. RC low-pass fillers 
with a suitable cutoff frequency have been 
used to filter out the high-frequency compo- 
nents m the implementation of some of the 
algorithms {3, 6|. The fact that a single an- 
alog filter cannot suppress all the umvanirJ 
components and that these are slower than 
t digital filters led to the development and 
preferential use of the digital filters. 

2.2 Digital fillers 

The various types of digital filters vvhicn 
have been proposed ami tested arc- described 
below. 

Notch [titers 

Two orthogonal notch filters with sine 
characteristics have been used to extract the 
fundamental components after elimination of 
rhn hlfi -frequency components by an ana-o& 
low-pass filter f 2, 21 J. 

Selected harmonic filter \\1\ 

While the differential equations of the line 
are being solved by numerical integration, 
4 'he nil ff ration :r> curried out over a certain 
i-n rc‘ v( o: overlapping subintervals with 
required end points. This results in the ellnri- 
o alien of ee/tejn harmonics and their mul* 

; inl-A 

Leaning uare*errar filters 

in one type, the deficiency in modelling 
the line by riifu renfkl equations Is treated as 
a n error and solution of the model parameters 
is obtained subject to minimisation of the 
mean of the squares of this error over the data 
usoxL-w [13, 13]. In another type, a poly- 
nomial fit (for example, a straight-line fit over 
three points, a quadratic fit over five points 
or 3 cubic fit over seven points £ h determined 
subject to the least-square-error criterion [1% 
3{„ By differentiating this polynomial the 
necessary time derivatives can he found la 
yet another type, a waveform containing h 
decaying DC offset* the fundamental arm a 
desired number of harmonic component uiv 
assumed and the- leasts qisure-error erd^nor, 
is applied to determine the unknown pern 
meters of the fundamental component [i‘J. 
22, 23], All these filter?, are rather slow and 
their accuracy depends on the data wmdoc 
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as well as the number of samples per cycle 
(24}. 

Orthogonal transform filters 

Of these, the Fourier transform filter is 
the most widely used; it utilise* ? m f ‘ ,r, ‘ 
cosine functions as an orthogonal set [ 1, 5, 7 - 
9,12,25.26]. This filter suppresses all the 
unwanted components and therefore offers 
the best accuracy, but it requires a data 
window of one full fundamental period. 
However, fitters employing data windows of 
half a cycle and less than naif a cycle with 
tolerable errors have been proposed [8, 12]. 
Filters using odd and even square waves (7], 
Walsh functions [13], sample values and their 
derivatives f 2], and the first and second 
derivatives of the samples [3] as orthogonal 
functions have also been proposed. 

Finite transform filter [20} 

The fundamental frequency impedance is 
determined over a finite data window by 
carrying out the filtering process in the fre- 
quency domain through the use of the finite 
transform method. 

Kalman filters [11] 

The non-fundamental components in the 
voltage and current waveforms are considered 
as noise signals. The noise signal in the voltage 
waveform is considered as a white noise 
sequence with decreasing variance, and that 
in the current waveform as an exponential 
process plus a white noise sequence wt'h 
decreasing variance. Then, a two-state IItu:.;au 
filter is used to extract the- fundamental 
voltagp phasor, and a three-state Kalman 
filter to extract The ft-i.-Juni: uia> rr r ‘:it 
phasor. The error in this filtering process has 
been reported to be less than 1% after half a 
cycle. 


3. TRAVELLING-WAVE RELAY ALGORITHMS 

This group of algorithms uses the complex 
post-fault waveforms as they are for making 
relaying decisions by means of travelling-wave 
techniques. Two distinct advantages are 
offered which lead to high-speed operation. 
First, there is no need for either analog or 
digital filters and consequently the time 
delays associated with them are eliminated. 


Second, a very short data window mv- U- 
employed. As a matter of fact, the sampling 
interval should be small enough to avoid 
aliasing errors. The sampling frequency should 
he at least twice as great as the cutoff :ri~ 
queney of the tiarsduc-rrs m order to avoid 
aliasing errors. Thus, with a current- voltage 
transformer of cutoff frequency 2.5 kHz, the 
sampling frequency should be at least i> kHz 
and the sampling interval 200 ps. It is re- 
ported } 27} that such a sampling interval 
may not be adequate to carry out the neci s 
sary digital implementation. However, it is 
believed by the authors that with the high- 
speed analog-to-digital conversion equipment 
and digital computers available at present, 
this sampling interval would be sufficient ■’>>■ 
derive and store the sis digital samples ol tin- 
phase voltages and line currents and to eatrv 
out the simple fault-detection algorithm tic 
scribed in tins paper. Very few algorithms m 
this category have been proposed so far i 28 |. 
most probably owing to the fact dial i he 
travelling-wave relaying concept is relatively 
new. 

Two new algorithms in this category arc 
presented in this paper. One is based on 
amplitude comparison of the relay inputs 
and the other on a fault-locating r**5ay {29, 
30}. Each algorithm can be split into two 
parts, fault detection and relaying. The fault 
detection algorithm is common to both and 
therefore is described first. 


4. FAULT-DETECTION ALGORITHM 

This algorithm is similar to that proposed 
by Man:; and Morrison [31 }. One counter is 
provided for each phase voltage. The differ- 
ence between the currently sampled instan- 
taneous voltage of each phase and the corre- 
sponding one in the previous cycle (which 
has been stored) is computed and stored. 
These differences, up to one cycle after the 
occurrence of a fault, are the fault-generated 
components and are used in the relaying algo- 
rithms described later. If for any phase this 
difference is greater than • the previously 
stored value, then the counter of that phase 
is incremented by 1. Otherwise, the counter 
is decremented by 1, if it is not already zero. 
The latter ensures that no maloperation takes 
place due to spurious spikes. When tne 



counter of any phase reaches a preset value, 
a fault Is assumed to have occurred. Then, 
the sampling is suspended, the transmitter is 
switched off from other jobs and rhe relaying 
progam is executed. The setting of each ph„_-e 
counter is taken to be 5 for the amplitude- 
comparison relay and 10 for the fault-locating 
relay. A higher setting for the latter is neces- 
sary to collect an adequate number of sample* 
of fault-generated voltage components in 
order to execute the algorithm. The setting 
for the difference of voltages one cycle apart 
is chosen as 0.05 p.u. for both the relays and 
is based on the assumption that load fluctua- 
tions do not lead to voitage variations of more 
tnan 0.05 p.u. I he actual value for this setting 
can be determined by conducting digital fault- 
simulation tests on the power sysiem. This is 
very simple and can easily be earned our 
within an intersampling period. 


5. AMPLITUDE-COMPARISON RELAYING 
SCHEME 

5.2. Principle of operation 

After the occurrence of a fault, the voM.ap.es 
and currents at the relaying point, as at any 
other point m the power system, can be re- 
garded as the sum of the prefault and f.n dr.- 
generated components [30, 321. The fault- 
generated components during the first whole 
cycle after the fault occurrence are used for 
relaying and are computed by the cyclo-to- 
cyele eompa* iSon method proposed bv Maun 
and Morrison |3ll. Although the fault data 
for testing algorithms are generated consider- 
ing frequency dependency of the line para- 
meters and without the assumption that the 
line is transposed, the inputs to the relays are 
computed on the assumption of a perfectly 
transposed line. To cater for all types of 
faults, three relays, one for each mode of 
propagation, are used. The inputs to the 
relays are as follows: 

Mode 1 

3 , ?1 > - - R^% ,li 

Sla) 

Sj <l> - £j f 0> + i? 8et u> f( <n 
Mode 2 

S a ®»*V® + 


Mode 3 


where vf 2i and are th*' modal com- 

ponents of the fauii-generateu components ol 
the phase voltage* at the relay mg point. 
it l \ : t (:> and nr e the modal components of 
the fault-generaceo components or :ho Irn * 
currents at the relaying point: R^. J 5 \ 
and are the setting resistance- notch 

respectively , to wh.,t would have beer. Ur 
surge impedances of the three modes had ?lc- 
line been lossless and perfectly transposed. 
That u , 


i{L^ 2L m }>{C^~ 2C m )j ! 


<2u* 


and 




12) . 


a 0> 
** vt?i 




The propagation of travelling vau* s if 
voltages of each mod* * upon the occurrence 
of a fa M it, is depicted in Fig. 1 for a fault 
ahead ox the relaying point, and in Fi*j. 2 for 
a fault bemud the relaying point. K is well 
known tha* the current and voltage of each 
mode have the following relationship: 
for backward waves, 


v ■“ (oa) 

for forward waves. 


v - (3b) 

Accordingly, the relay signals for each mode 
for a few' microseconds after the waves hav- 
reached the relaying point are given ior an 


internal Canfl by 


Sj =• — A'st 1 + Rvu'Zu) V« 

(4af 

and 


■3; = PsAfl l + R v t’ 

(4bl 


where K f is a factor which takes into account 
the effect of the fault resistance, 3f tJ is the 
surge impedance of the mode concerned. i n 
is the corresponding modal component of 
the fault-generated components of voltage* rd 
the fault point, and is the ref lemon copf ; i* 
cion l at the relaying end of the line. Since 
•,p 8 i is always less than unity under actual 
conditions, except when the relaying end h 
on open circuit, it can be seen that ,Sp > 
|S 2 j. And, lor a fault behind, the relay signal 



Hg 1. Lattice diagram for a fault ah^ad of fhe re- 
laying pomt. 


the line through a rattier channel. U?r 
breaker^ at both ends are tripped. Upon < hi> 
oc euJTHice of a far.lt, whether c*\tu real u? 
ujlcrnah the transmitter U switched off from 
other use^s tf any. When the fault is ahead, 
the transmitter is started and a earner i$ sent 
io the other end. Receipt of earner from the 
other ortd and indication of a fault ahead of 
the local end indicate an inU-nml fault. Wh»v 
the iaull is behind, tine transmitter is blocked 
from being started subsequently by the bde k 
ward wav**s comm? fvon'f the fault point and 
the remote end after reflee non. 



2 . Lattice diagram fora fault behind the relaying 
point 

for a few microseconds after the waves have 
reached the relaying point are given for each 
mode by 

Si = 0 (5a> 

and 

Si * ~U * PsMl 4 S se JZ 0 }V( f (5i>) 

where p 5l is the reflection coefficient of the 
adjoining iine. Therefore, for an external 
fault, )J?j| < |5 a i. 

« However, the modal components of volt- 
ages and currents are computed on the 
assumption of a perfectly transposed line and 
therefore the relations given in eqns. (3) will 
not be satisfied exactly. Accordingly’ the 
conditions J6',| - |S 2 | > 0.05 p.u. and JS,| - 
\S 2 \ < ~0.05 p.u. are used to indicate, re- 
spectively, a fault ahead of the relaying point 
and a fault behind it. If. at both ends of the 
kne, the fault is found to be ahead of the cor- 
responding relaying points, then the fault is 
internal; otherwise, it is external. In the event 
of an internal fault, confirmed by an ex-, 
change of information between the ends of 


5.2 Relaying algorithm 

The modal components of th»- v<'i! 
and currents are given 1 >y s> s u7 ' 3 - T,„ ’*/ ' ' 
and i f il2 - 3 * T,,, respectively, whs ic 

T m is chosen to be the Kartenbauvr Wars 
foimation matrix: 


|l 

li 

§ 


"2 

i 


l 

i 




Thus 


T 


th 


i 
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3 

1 

1 


i i j 

-•i o 

o “if 


i(b) 


<6b) 


The computational effort is reduced by 
computing the modal components without 
division by 3; these are termed modified 
modal components in this paper. Consequent • 
ly, the type-of-fault detection criteria are 
modified as follows: 
for faults ahead of the relaying point, 

IS'il- IS*ai> 0.15 

for faults behind the relaying point, 

IS'ilHS'al < -0J5 

S'j and S' 2 are the modified relay inputs 
evaluated with the modified modal compo- 
nents of the voltages and currents. WHh tins 
modification incorporated, the relaying algo- 
rithm is as follows. 


Step .1. Calculate, by the oyele-lo-cycle 
■ comparison method, the fault-generated com- 
ponents of all the line currents for five sam- 
ple sets backwards from the set ai which 
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the fault detection algorithm had yielded c 
logical ‘yes’ output. 

Step 2. Calculate the modified modal com- 
ponents of the fault-generated components 
of the phase voltages and line currents vn ihv 
earliest sample set first. 

Step 3. Calculate the modified inputs for 
all the modes. 

Step 4. Check if |S',| - |S' 2 i > 0.1 n. U so. 
a fault ahead of the relaying pomt has occur- 
red and, therefore, start the transmitter. Also, 
if carrier signal is received from the other 
terminal, trip the circuit breaker, It not, 
proceed to the next step. 

Step 5. Check if \S\\ - |S' 2 | < -0.15. If so, 
a fault behind the relaying point has occurred. 
Therefore, block the possible starting of the 
transmitter subsequently by the backward 
waves coming after reflection at the fault 
point and remote end of the line. U not, go 
to the next step. 

Step 6. Take the next sample set and go to 
Step 2. 

It can be seen that this algorithm is very 
simple and therefore, can be implemented 
even with a micro proctor system. 


8. FAU? T i.OCATINO RELAY SCHEME 

G. ?. Principle of operation 

This scheme is also composed of three 
relays, one for each mode of propagation, and 
caters for all types of faults. The input signal 
pairs to the relays are the same as in the pre- 
vious scheme. In this scheme, the signal S? of 
each mode is used to detect the forward 
waves. If iSjj exceeds a preset value which 
is taken as 0.175 p.u. (33] in this work, the 
internal fault-detection program is bypassed 
and a transmitter, which sends information 
to the other terminal of the line to suspend 
the execution of the program there, is started, 
For a fault behind, the first travelling waves 
reaching the relaying point are forward and 
therefore, as can be seen from eqns. (5), 
jS 2 | exceeds the setting first and desired 
operation ensues. The program which imple- 
ments this algorithm is termed the forward- 
wave-detection program. 

Upon the occurrence of an internal fault, 
the value of ji'ji increases rapidly from zero 
to K f l(l + tf.t/ZoH'ff! at the instant when the 


I'uveihng "’i vc-. reach the maying point. For 
a bolted fault, K. = I and, with pci fed match- 
ing between R st .. and Z, t , 1 + Ji get /.k 0 = 2. 
Under these ideas conditions. IS,! will he 
equal to 2|y ff j. .Assuming that % = V'_ fm * 
sintco.st + p I; ). tire maximum slope of ;Sj| in 
between sudden or rapid increases may be 
equal to 2co„V r , m . The mu-ant when the 
waves reach the relaying point for the first 
Lime is determined by computing the slope of 
sS 1 1 and checking if it w greater than 2^ V«_ . 
Then, a signal is produced to block the start- 
ing of the transmitter subsequent! 1 .’ by the 
forward waves. "F here viui ! -? a ..c-i ,,iu .d 
increase in |S,i wh**n backward waves co-re 
aga.a from the fault point after r-*f ! r-cf km 
J30J. The- instant -a which -in rkv . 
is determined as when the- ftrss derivative c/ 
:V j, exceeds 2/> s a, 1 0 Vf fm . The inclusion of W 
due to the hri f>- t the vc-V-ji- a- ’ .* ' :-nt 

magnitudes get reauced by this factor w'i •• 
the backward waves reach the relaying pom; 
the k.-c’o d t-me (Fir' it. The time b-‘t ■" ,ir 
these two uu»iai<< '‘..c. : ••Aq.-u-.i v- ,ii. 
velocity of propagation, gives twice lr>t 
■fidc-nce of the fault from the relaying point. 

J. j: f u.q-' ; < • 

voltage, the above <ago..»hn. docs not woik 
The procedure is then repeated with lh< 
:I deriverjves c/ ‘.*?.| and y"*. • <ng- 

2oj t , i'jfm imd 2p s u) 0 'V fs _, .or detecting tht 
first and second rapid increases, respectively 
In the ease of equal reflection coefficients a 
the two ends of the protected i ne ,uid a ftul 
resistance equal to one imf of the surge im 
pedance of the line, there will not be a seconc 
rapid increase in 15, | or in its first der.wuv* 
for a fault at t!ie middh of the line. Also 
for a close-in fault, the time interval betweer 
the* first and second rapid increases v ouk 
be coo short to be evaluated by this algo- 
rithm. In the former case, a trip signal i 
issued after the first-derivative a-.u: -econd 
derivative programs have been gone through 
and in the latter case after the detection o 
a rapid increase in either the first or secon< 
derivative of j5,i over a certain number 
consecutive sampling intervals. The presen 
scheme is un extension of an analog sehera- 
proposed by the authors f 30 1. 

6.2. Relaying algorithm 

Division hy 3 in evaluating ft'.*- n.-.-dj 
components of the voltages and currents i 


eliminated by using the modified inputs 
S' i and S ' 2 as m the previous scheme. Accor- 
dingly, the condition jS'jl > 0.525 p.u. is 
used for each mode to detect the forward 
waves reaching the relaying point first. The 
first, and second derivatives of iS'ji at any 
sampling instant t, are computed using the 
following numerical differentiation formulae 
j34j. 


dt ' At 


A S',., 

At 


, say 


d 2 „n.n il~2iS',.,i + IS',., i! 

d? (At? 


- 

“ (At) 2 


, say 


where S\ , + ,, S' u and S' S i j are the modified 
signal inputs computed from (i + l)th, ith and 
(i — l)th sample sets of voltages and currents 
and At is the sampling interval. The first and, 
if necessary, the second derivatives are to be 
computed repetitively, and hence it is imper- 
ative that the computational effort be re- 
duced. This is accomplished by modifying 
the criteria used to detect the first and second 
rapid increases in |S' t j,,as AS‘ U { X 

At and AS’ M > 6p*WoV ftm At respectively, 
and the criteria to detect the first and second 
rapid increases in d(iS',j)/d£, as AS';, 2 > 
6 0 }<?V Hm (At ) 2 and AS'j a > Qp s (jj 0 1 V tiir _(At'y 
respectively. Also, a rapid increase m (S’jl or 
d(|S',|)/d£ may span two or three consecutive 
sampling intervals, in which case the fault- 
location computation goes wrong. This dif- 
ficulty is surmounted by a suitable logic de- 
scribed in the algorithm given below. With the 
above modifications incorporated, the relay- 
ing algorithm is as follows. 


Step 1. Calculate, by the cyele-to-eycie 
comparison method, the fault-generated com- 
ponents of all the line currents for twelve 
sample sets backwards from the sample set 
at which the fault-detection algorithm yielded 
the logical ‘yes’ output. The two extra sample 
sets are used to partly cover the interval 
immediately preceding the arrival of waves 
at the relaying point. 


Step 2. Calculate the modified modal com- 
ponents of the fault-generated components of 
tk-' voltages and currents. 

Step 3. Calculate the modified signal inputs 
for ail the modes and for all the sample sets. 

Step 4. Check if > 0.525 p.u. for each 
mode. If this is so for any mode, stop further 
execution of the relaying program at this end 
and start the transmitter which sends in forma' 
uon to U'. • ' llmr end in order to stop execu- 
tion of the relaying program there also or to 
block tripping. If not, proceed further. 

Step 5. Calculate, for each mode, A S' U! 
and check if it is greater than Sco f> Vff m At. 
If not, lake the next set of modified inputs 
and execute Step 4. If so, do not go again to 
Step 4. i the time counter to the value of 
the time corresponding to this sample set. The 
time counter setting and rapid-increase detec- 
tion criterion remain the same if the above 
condition is satisfied ever consecutive sam- 
pling intervals. If this happens for four con- 
secutive sample sets, an indication that the 
fault is close-in is output. Otherwise, change 
the rapid-increase detection criterion to 6p s X 
At. When the latter condition is satis- 
fied, set the lime counter to the. current time- 
minus the previous setting. Stop further 
execution of the algorithm, compute the 
distance of the fault and output this value as 
well as a logical ‘yes’ for tripping. When this 
step yields no results, go to the next step. 

Step S. Repeat the algorithmic procedure 
of Step 5 with the second derivatives of the 
signal iS'ji for each mode with the rapid- 
increase detection criteria of 6a> 0 3 V’ ftm (Af) 2 
and 6p,cu 0 2 V’ ftm {A0 2 . If this step also fails to 
yield a result, go to the next step. 

Step 7. Under these conditions, the fault 
will be at the middle of the line. Output an 
indication to this effect. 


?. TESTING OP ALGORITHMS BY DIGITAL 
SIMULATION 

In order to test the proposed algorithms, 
fault data are generated foi a desired type 
of fault for two cycles, one pre-fault and one 
post-fault, by employing the digital simula- 
tion techniques described in an earlier paper 
by the authors |80J. The amplitude-compari- 
son relaying algorithm is tested using the 
fault data computed for an internal fault at 
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the remote end (marked F s ) of the protected 
line and lor an external fault (at the point 
marked F 2 ) in the four-bus power system 
shown in Fig. 3. Each source is represented 
by an equivalent lumped-parameter model 
with phase inductances calculated from the 
fault level specified and neutral impedance, 
from an assumed ratio of ZJZ X of 0.5 at 
power frequency. AH the lines are 128 km in 
length. A three-phase fault through a fauli 
resistance of 100 SI with a fault initiation 
angle of 0® is considered. The quantity jS' s j — 
iS'jl is calculated for each mode and the 
results are given in Figs. 4 and 5. The fault- 
locating algorithm is tasted using the fault 
data evaluated for a single line-to-ground fault 
op phase a at the remote end of the protected 
line of 200 km in length in the power system 
shown in Fig. 6. In this case, the sending-end 
(Sf!l and receiving-end (RE) sources arc con- 
sidered to be composed solely of transmission 
lines and cables and to have net surge impe- 
dances equal, respectively, to 1/0 and 1/4 of 
the power frequency surge impedance of the 



Fig. S. A four-bus sample power system. R.F. » re- 
laying point; values in units of GVA refer to short- 
circuit levels. 
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Fig 5. Three phase external fault E* - 100 il and 
V?o - o\ 



Fig. 8. A transmission line interconnecting two 
power systems. 

protected line. A fauit resistance of 100 il 
nod a fault initiation angle of 30° are consi- 
dered. The signals |S’,| and SS' 2 j are computed 
and the results are given in Figs. 7 and 8. In 
both th» sample power systems considered, 
van h transmission fine is a typical 400 kV 
quad-conductor single circuit of untransposed 
construction. An earth resistivity of 100 SI m, 
and frequency dependency of all line and 
earth parameters are assumed. The remaining 
data for each line are those given in. Table 1 
of ref. 30. The sampling interval is taken to 
be 200 {is and the peak value of the pre- 
fault voltage at the fault point is assumed 
to be 1.0 p.u. 


^ * ,A ' 



Fig, 4, Three-phase internal fault; /fy * 100 il and <p 0 
« 0°. 





trt seconds 

Fig. 7. Singie-ph.-K- UVW-to-groBad £s»U on phase A 
B t * 100 n md v5o = 9&\ 
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Fig. 8. Sii. gif-phase lirse-to-ground fault on phase A: 
/i f = 100 £ ; and ifi 0 * 90". 


Using the fault data, the fault-detection 
and relaying programs were run on the DEC 
1090 computer system at the Indian Institute 
of Technology, Kanpur, in both cases, the 
CPU time was found to be less than 1 ms. 
However, eight sample sets in the first scheme 
and fou v l*-en in the second were required 
to detect the fault- So, the total time of 
operation was about 8 X 0.2 + 1 * 2.6 ms in 
the first rase and 14 X O.ii + 1 - 3.8 ms in 
the second. Since the object of the paper 
was only to test the algorithms, only one type 
of fault is considered in each ease. 


8. CONCLUSIONS 

The digital simulation mats carried cud en 

the two new digital travelling-wave algorithms 
proposed in this paper established their feasi- 
bility. The heart of these digital schemes is 
the fault-detection algorithm, which is quite 
simple. With this fault-detection algorithm, 
not only the relaying algorithms employed 
in this paper, but also the analog travelling- 
wave relay schemes proposed by others [33, 
35, 36} can easily be implemented digitally. 
There being no need for any filtering, the 
travelling-wave relay algorithms are superior 
both in terms of accuracy as welt as speed, 
and therefore will ultimately supplant the 
digital algorithms in the digital protection of 
transmission lines. 


nomenclature 


c„ € m 

self and mutual capacitances of line 

L„ L m 

seif and mutual inductances of line 

Kt 

relay setting resistance 

X» S 2 

relay input signals 

4/ 

sampling interval 

Vit* 

amplitude of fault-generated com- 
ponent of voltage at fault point 

% h 

fault-generated components of volt- 
and current 

’l* 

surge- impedance of line 

p 

reflection coefficient 


fault initiation angle 

Wo 

nominal system angular frequency 


Superscripts 

l, 2, 3 components of modes 1, 2, 3 
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